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Abstract

Background: Applications of two-dimensional (2D) materials in electronic devices require the development of appropriate
measuring methods for determining their typical semiconductor parameters, i.e., mobility and carrier lifetime. Among these

methods, contactless techniques and mobility extraction methods based on field-effect measurements are of great importance.

Results: Here we show a contactless method for determining these parameters in 2D semiconductors that is based on the photo-
magnetoelectric (PME) effect (also known as the photoelectromagnetic effect). We present calculated dependences of the PME
magnetic moment, evoked in 2D Corbino configuration, on the magnetic field as well as on the intensity and spatial distribution of
illumination. The theoretical predictions agree with the results of the contactless investigations performed on non-suspended single-
layer graphene. We use the contactless PME method for determining the dependence of carrier mobility on the concentration of
electrons and holes induced by a back-gate voltage.

Conclusion: The presented contactless PME method, used in Corbino geometry, is complementary to the mobility extraction
methods based on field-effect measurements. It can be used for determining the mobility and diffusion length of carriers in differ-

ent 2D materials.

Introduction
The application of two-dimensional (2D) materials in elec- ductor parameters, i.e., carrier mobility (1) and lifetime (1).
tronic devices [1-6] requires the development of appropriate  Among these methods, contactless techniques [7,8] and

measurement methods for determining their typical semicon- mobility extraction methods based on field-effect measure-
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ments [9] are of great importance. Here we show a contactless
method for determining these parameters in 2D semiconductors
that is based on the photomagnetoelectric (PME) effect [10].

There are a few phenomena which are or may be called PME
effects. For example, in semiconductors the simultaneous action
of light and magnetic field evokes specific electromotive forces
[10]. In the magnetic field, B, perpendicular to the photogener-
ated carrier concentration gradient, the diffusing electrons and
holes are deflected in opposite directions. Their current flows in
a third, mutually perpendicular direction. The PME response
decreases with the increase of recombination rate. Of course,
the PME signal is stronger for higher p. Therefore, investiga-
tions of the PME effect are used to determine carrier recombi-
nation and transport [10-14] as well as parameters describing
the interaction of light with the investigated materials [15-17].
The PME effect is generally accepted for infrared photon detec-
tors [18-20] which are based upon the proportionality of this
effect on the intensity of radiation that enters the semiconduc-
tor.

Mette [21] proposed a noncontact measurement involving the
PME effect in Corbino configuration, i.e., in point-illuminated
bulk semiconductors in Faraday geometry (Figure 1). In a sam-
ple illuminated by a circular spot of light, excess carriers gener-
ated by photons of appropriate energy diffuse in all directions.
If this happens in a magnetic field perpendicular to the sample
surface, diffusing carriers are deflected because of the Lorentz
force. In this case, they flow around the illuminated region
(Figure 1). The circulating PME-Corbino current evokes

Figure 1: A schematic of the magnetic moment épME evoked by the
PME circulating current in a point-iluminated 2D semiconductor in
Corbino configuration (B— vector of external magnetic field induction;
the green wavey arrow represents illumination; the green, partially
transparent circle shows the illuminated area of the sample; the plus
and minus signs represent the photogenerated electrons and holes
separated by the magnetic field; Ipyg — the circulating PME current).
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the PME magnetic moment. In the induction method of mea-
surements, the varying PME magnetic moment caused by inter-
mittent illumination induces an AC voltage in appropriate

measuring coils.

The formula describing the PME magnetic moment, evoked in a
bulk semiconductor wafer illuminated by weakly absorbed radi-
ation as a function of t, sample thickness, and surface recombi-
nation velocity (s) of the illuminated (front) and unilluminated
(back) surfaces were previously developed in [22]. These theo-
retical predictions were in good qualitative agreement with
results of spectral investigations on bulk Ge samples of varying
T and s [22,23]. However, it is not easy to deduce the propor-
tionality coefficient between the voltage response (induced in
measuring coil) and the investigated PME magnetic moment. A
reliable determination of t or s was possible only after cali-
brating the apparatus with standard samples of known semicon-
ductor parameter values [22,23]. To avoid this disadvantage,
Loncierz et al. [24] proposed the use of the relative dependence
of PME response on the frequency of light-intensity modula-
tion. This method was used to determine the carrier lifetimes in
bulk samples of Si:B, GaAs:Te and GaAs:Si [24-26]. Observa-
tions of the PME effect in graphene were reported only in
[27,28].

It should be noted that the Corbino geometry has a distinct
advantage over the Hall and van der Pauw geometries, in that it
provides a direct probe of the bulk two-dimensional electron
gas without having complications due to edge state transport
[29,30]. For example, the fractional quantum Hall ordering was
investigated in two-terminal suspended graphene Corbino
devices [31].

The purpose of the present work is to analyze the dependence of
the integral magnetic PME moment in a 2D semiconductor on
the mobility and lifetime of carriers. The influence of experi-
mental conditions (magnetic field, frequency of illumination
chopping, illumination intensity, and beam radius) is taken into
consideration. To test the theoretical predictions, we apply the
induction technique in PME investigations of single-layer
graphene on polyethylene terephthalate (PET) foil. The main
aim of our work is to use the PME method for determining the
dependence of 1 on the concentration of electrons and holes in-
duced by a back-gate voltage in graphene.

Theoretical Description

In the presented investigations, it was assumed that the 2D ma-
terial is illuminated by a circular spot of TEMyq light with
photon energy greater than its optical energy gap. The transport
of electrons and holes through 2D samples in the presence of a

steady magnetic field under photogeneration and recombina-
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tion is described by the solution of Maxwell's equations, the
Poisson equation, the continuity equations and the transport
equations (see Supporting Information File 1 for more details).
The circulating PME-Corbino current (Figure 1) causes the
PME magnetic moment

I27‘t(17><éa ) o (r)dr
0

My (1)

where é, represents a vector of the azimuthal axis, J,(7) is the
sum of azimuthal components of electron and hole current
densities, 7 is the position vector, and r is the distance from the
center of the light spot.

Assuming an absorption coefficient of light appropriate for
graphene (a = 1/137 [32]), the theoretical formula presented in
Supporting Information File 1, and using Wolfram Mathe-
matica 10.0, we numerically calculated My as a function of pa-

rameters describing the experiment: magnetic field (B), beam
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radius (R}) and maximum intensity (/yg) of the radiation inci-
dent upon a sample. These calculations were done for different
values of T and p.

Figure 2a presents the linear dependence of the PME magnetic
flux (M, = \Mb‘) on the illumination intensity for different
values of the beam radius. The My, is a nonlinear function of R}
(Figure 2b) and B (Figure 2¢). The My, increases with increas-
ing Ry, reaches the maximum, and decreases to a constant value
(Figure 2b). For a large value of p, the M}, increases with the
increase of B, reaches a maximum value, and then decreases
(Figure 2c¢). For a small value of p, the maximum of My, is
shifted to stronger magnetic fields (Figure 2c).

Figure 3 shows the calculated dependences of the PME magnet-
ic flux on values of material parameters. The My is propor-
tional to the square of the carrier lifetime (Figure 3a). Its value
increases with increasing p and reaches its maximum value
(Figure 3b). It should be noted that for a stronger magnetic field
this final value of Mypis reduced (Figure 3b). It is important that
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Figure 2: The calculated dependences of the PME magnetic flux: (a) [Mp| vs the illumination intensity for different values of the beam radius
(B=05T; p=1m2v1s7": 1=10719s); (b) [Mp| vs the beam radius for varying values of the magnetic field (u =1 m2v~1s™"; 1=10"10;
lvo = 1021 photons/(m?2s)); (c) [Mb| vs the magnetic field for varying values of carrier mobility (R, = 1 mm; T = 10710 s; ly,o = 102" photons/(m?s)).
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Figure 3: Theoretical dependence of the PME magnetic flux: (a) [Mp| vs the carrier lifetime for different values of carrier mobility (8= 0.5 T;
Rp =1 mm; hyg = 102! photons/(m?2s)); (b) [Mb| vs the carrier mobility at varying values of magnetic field (= 10710s, R, = 1 mm, and

Ivo = 102" photons/(m?2s)).
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for a relatively weak magnetic field (B <1 T) and for p smaller
than about 1 m2V~s7L, the My is proportional to the square of
the carrier mobility (Figure 3b). Assuming the so-called
Einstein relations of the proportionality between the carrier
diffusion constant and p, the diffusion length of carriers is
proportional to the square root of carrier mobility and lifetime:
L= \/E . Hence, in the case of the small p and weak magnetic
field, the PME magnetic flux is proportional to the fourth power
of the diffusion length of carriers (‘Fb‘ ~I*).

Experimental

The investigated graphene samples were supplied by Graphene
Supermarket. The single-layer graphene films were grown by
CVD processing on a cooper foil and transferred onto a 170 pm
thick polyethylene terephthalate (PET) foil. The polycrystalline
graphene films covered about 90% of the foil, with occasional
holes and cracks. The presence of single-layer graphene was
confirmed by Raman spectroscopy using an NTEGRA Spectra
(NT-NDT) device with a wavelength of 532 nm. The carrier
mobility pe = 1256(25) cm2V~!s7! and sheet carrier concentra-
tion ne = 4.65(6)-10'° m~2 in the graphene were determined

Beilstein J. Nanotechnol. 2018, 9, 2741-2749.

using the Van der Pauw method. For these measurements of
resistivity and the Hall coefficient, the samples were equipped
with 150 nm thick Au electrodes deposited using a Q150R ES
rotary-pumped sputter coater with a film thickness monitor. For
the PME-Corbino investigations of graphene with electrostati-
cally tunable carrier density, a 150 nm thick Au film was also
deposited on the back surface of the PET foil.

The current—voltage characteristics were recorded using a
Keithley 6221 DC current source, Keithley 196 digital multi-
meter, and a Keithley 705 scanner. The measurements were
carried out in magnetic fields from —0.725 T to 0.725 T using a
DC electromagnet. The PME investigations were performed
using the induction technique (Figure 4a). Under amplitude-
modulated illumination of the sample, the PME circulating cur-
rent varied. Consequently, the changing PME magnetic
moment, caused by this alternating current, induced a measur-
able voltage in the suitably placed coil. In our experiments, the
samples were placed in a slit between neodymium magnets and
a measuring coil. The graphene was illuminated through a

2 mm diameter hole in one of the magnets using a temperature-

i oo

Figure 4: Schematic presentation (a) of the measuring set up used for the induction technique of PME investigations of a point-illuminated 2D semi-
conductor in Corbino configuration (V — nanovoltmeter connected to a measuring coil; L — electronically chopped light source; the other symbols have
the same meanings as in Figure 1); (b) 2D and (c) 3D mapping of the illumination intensity; and (d) a picture of the main part of the measurement set

up.
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stabilized laser diode, Sanyo DL7032-001 (A = 830 nm,
P =100 mW). The laser diodes were biased with an ITC510
(Thorlabs) laser diode controller. In our experiments, the laser
diode bias was sinusoidally modulated around a DC bias chosen
to ensure that the waveform of the light output signal is sinu-
soidal with negligible distortion. The radiation intensity was
changed using neutral density filters (UV-NIR-FILTER-250-
2000 nm, quartz glass substrate, Oriel). The intensity was moni-
tored using a Hamamatsu S3399 photodiode whose short-circuit
current was measured using an EG&G 5110 lock-in amplifier.
The time dependence of the illumination was determined using
a Rigol Technologies DS1202CA oscilloscope. The spatial dis-
tribution of illumination (Figure 4b,c) was controlled using a
beam diagnostics digital CCD camera LaserCam-HR II and
BeamView version 4.8.1 software (Coherent). From this mea-
surement, an effective diameter of 52 pm (86.5%) of the illumi-
nation beam was determined. The Gaussian fit (86.5%) coeffi-
cient of the spatial distribution of the light beam intensity was
0.988 (Figure 4b,c).

The VppE voltage induced in the measuring coil was registered
using an EG&G 5110 lock-in amplifier whose internal gener-
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ator controlled the frequency of the laser beam chopping. In the
field effect investigations, the back-gate bias was applied using

a Keithley 2410 SourceMeter instrument.

The steady magnetic field induction was measured using an
F.W. Bell 5080 tesla meter in the PME as well as in the Van der
Pauw measurements. All measurements were performed at
294 K. The temperature was measured using a Lake Shore
Cryotronics 211 temperature monitor. The experimental setups
were computerized using an IEEE-488 bus and appropriate
LabView programs. Figure 4d presents the main part of the
measuring set up used for the PME investigations.

Results and Discussion

Figure 5a shows the induced Vpyg response to the switching on
and switching off of the sinusoidally modulated illumination of
single-layer graphene with and without a magnetic field. The
measured Vpyg responses are proportional to the magnetic field
induction (Figure 5b) and to the intensity of illumination
(Figure 5c¢). Such dependences of Vpyg are characteristic for
the case of a carrier lifetime that is independent of the concen-
tration of photogenerated carriers (i.e., for low illumination in-
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Figure 5: Voltage response in PME contactless investigations of graphene: (a) the time dependence for different values of magnetic field (black
circles — B = 0; red squares — B = 0.45 T; | = 7.5:102" photons/(m?2s); f= 72 kHz; 1 and | — represent switch on and switch off points of sinusoidally
modulated illumination); (b) dependence on magnetic field induction (/ = 2.6:1022 photons/(m?2s); f= 72 kHz); (c) dependence on illumination intensity
for varying magnetic field (black squares — B = 0.35 T; red triangles — B = 0.45 T; f = 72 kHz ); (d) dependence on frequency of illumination chopping
(I = 2.6:1022 photons/(m?2s); B = 0.45 T); symbols — the experimental data; solid lines — linear dependences calculated for the best fitted values.
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tensity) in a weak magnetic field [10]. These results agree with
the first observations of the PME effect in graphene [27,28] and
with the calculated dependence of the PME magnetic flux on
the illumination intensity (Figure 2a). Simultaneously, the ex-
perimental results suggest small carrier mobility in the investi-
gated non-suspended graphene. The last observation agrees with
the carrier mobility pe = 1256(25) cm?V~!s™! determined in the
Van der Pauw measurements.

The linear dependence of Vpyg on the frequency (f) of sinu-
soidal modulation of the illumination presented in Figure 5d is
characteristic for the case 4n2/212 << 1 (see Equation S19 in
Supporting Information File 1) and suggests a short carrier life-
time.

Unfortunately, the observed linear dependences of the PME
response on experimental parameters (Figure 5b—d) have no
forthright applicability for determining the parameters of inves-
tigated materials. Only a single value of one parameter can be
determined from a linear fit to the experimental data with the
theoretical dependence. Besides, it is rather difficult to deduce
the above mentioned coefficient of proportionality between the
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measured Vpyp voltage (induced in a measuring coil) and the
investigated PME magnetic moment. However, the relative
changes of a material parameter due to an external factor can be
determined. Therefore, in this work, the PME-Corbino investi-
gations of the dependence of carrier mobility on concentration
of electrostatically tunable carrier density (N) were performed
on a back-gated sample of graphene (Figure 6a) with known
mobility and carrier concentration (pte = 1256(25) cm?V~!s!
and n, = 4.65(6)-10'° m™2 determined using Van der Pauw
method).

It should be underlined that one of the most important proper-
ties of graphene [33-35] and other 2D materials [2,36-41] is the
strong electric field effect which leads to electrostatically
tunable carrier density. The charge carriers can change from
electrons to holes with the application of an electrostatic gate.
The switching takes place at the Dirac point, where the carriers
have a minimum density. The gate voltage, V,, induces a sheet
carrier concentration approximated by [33] (eoe/we) Vg, where gy
and ¢ are the permittivity of free space and the used dielectric,
respectively; e is the electron charge; and w is the thickness of
the dielectric. The authors of [35] provided the theoretical de-
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Figure 6: Schematic representation (a) of a back-gated sample used for the PME-Corbino investigations of graphene with electrostatically tunable
carrier density; (b) PME voltage response vs gate voltage (B = 0.45 T; | = 2.6-1022 photons/(m?s); f = 72 kHz; the inserts depicts the positions of the
Fermi energy in the conduction and valence bands); (c) product of mobility and lifetime (left axis) as well as the mobility (right axis) of electrons (black
squares) and holes (red triangles) vs electric field (bottom axis) and concentration of electrostatically induced carriers (top axis); (d) difference be-
tween electron and hole mobilities vs electric field (bottom axis) and concentration of electrostatically induced carriers (top axis).
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scription of the current compact model of graphene field-effect
transistors.

In our case, the energy position of the Fermi level of graphene
was modulated by the field effect through the 170 pm thick PET
foil. The relative permittivity of PET is € = 3.5 at 71 kHz [42].
Figure 6b shows the PME voltage induced in the measuring coil
as a function of the back-gate bias. The inserts depict the energy
position of Fermi level and the switching between 2D electron
and hole gases by changing the gate voltage. Taking into
account the proportionality of the PME magnetic flux to the
square of carrier mobility and lifetime presented above
(Figure 2) (i.e., in the case of small values of pt and weak mag-
netic field), one can find /Vpyg = pt. Therefore, the left axis
in Figure 6¢ presents the square root of the measured PME
response (shown in Figure 6b) scaled as the pt. The data are
presented as a function of intensity of electric field (bottom
axis) and concentration of electrostatically induced electrons
and holes (top axis).

It was experimentally shown that the carrier lifetime only
decreases slightly with carrier density in graphene [7]. Taking
into account this approximation and the known value of the
carrier mobility at the Dirac point (determined from Van der
Pauw measurements), the data presented in Figure 6¢ can be
normalized to values of electron and hole mobilities (see right
axis in Figure 6¢). It should be noted that in the case of differ-
ent electron and hole mobilities, p represents the so-called
ambipolar carrier mobility [10].

The electron—hole asymmetry is concluded from the observed
PME response in non-suspended graphene. It agrees with theo-
retical predictions [43] based on the influence of charged impu-
rities scatterers on transport of carriers in graphene. Figure 6d
shows the difference between electron and hole mobilities as a
function of electric field (bottom axis) and concentration of
electrostatically induced carriers (top axis). The interpretation

of these results requires further theoretical analysis.

The presented PME method is restricted to photogenerated
carriers and does not account for several groups of carriers with
distinct mobilities, and in particular, hot electrons. A brief
review [44] presented a number of experimental methods to de-
termine carrier mobilities. These methods yield information on
different mobilities (i.e., majority carrier mobility, or majority
and minority carrier weighted “ambipolar” mobility). It should
also be noted that carrier mobility values as determined by dif-
ferent methods of investigations can be drastically different. For
instance, far-infrared magneto-transmission (FIR-MT) measure-
ments show that graphene layers with very high carrier mobility

can be observed in graphene films with low Hall effect mobility

Beilstein J. Nanotechnol. 2018, 9, 2741-2749.

[45]. Further investigations should be performed on the same
material using PME as well as other methods of determining

carrier mobility.

Conclusion

The investigation of complex phenomena in 2D materials
requires the combination of multiple experimental techniques.
The contactless PME method, used in Corbino geometry, is
complementary to the mobility extraction methods based on
field-effect measurements. In the case of small carrier mobility
and weak magnetic field, the PME magnetic flux is propor-
tional to the fourth power of the diffusion length of carriers. The
contactless PME method can be used to obtain scan maps of
local values of 2D semiconductor parameters, i.e., diffusion

length, mobility or lifetime of carriers, in future investigations.

Possible difficulties in applying the proposed method may result
from disturbances through the Corbino—Nernst effect from
radial temperature gradients that are caused by heating of the
center spot in the sample with the incident light beam. Howev-
er, the distorting photovoltage and thermovoltage evoked due to
illumination of the near-contact regions are eliminated in the
proposed PME method. The existence of photogenerated hot
carriers which can interact with the equilibrium free carriers
must be taken into serious considerations in future experiments.

Supporting Information

Supporting Information File 1

Theoretical description of the photomagnetoelectric effect
in 2D materials in Corbino configuration.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-256-S1.pdf]
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