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Single gate p-n junctions in graphene-ferroelectric devices

J. Henry Hinnefeld," Ruijuan Xu,?® Steven Rogers,* Shishir Pandya,?* Moonsub Shim,*
Lane W. Martin,?® and Nadya Mason'?

'Department of Physics, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801, USA
*Department of Materials Science and Engineering, University of California, Berkeley, California 94720, USA
3Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
*Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana,
Illinois 61801, USA

(Received 29 January 2016; accepted 7 May 2016; published online 19 May 2016)

Graphene’s linear dispersion relation and the attendant implications for bipolar electronics
applications have motivated a range of experimental efforts aimed at producing p-n junctions in
graphene. Here we report electrical transport measurements of graphene p-n junctions formed via
simple modifications to a PbZr(,TijgO3 substrate, combined with a self-assembled layer of ambi-
ent environmental dopants. We show that the substrate configuration controls the local doping
region, and that the p-n junction behavior can be controlled with a single gate. Finally, we show
that the ferroelectric substrate induces a hysteresis in the environmental doping which can be uti-
lized to activate and deactivate the doping, yielding an “on-demand” p-n junction in graphene con-
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trolled by a single, universal backgate. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4950975]

Graphene is a subject of intense research interest due to
the enormous potential of its electronic and mechanical prop-
erties.' In particular, p-n junctions in graphene have great
potential for both fundamental research and commercial
applications, and have been utilized to study the quantum
Hall effect®™ and Klein tunneling®® as well as to fabricate
flexible transistors.” Previous work on p-n junctions in gra-
phene employed multiple electrostatic gates,” **'" charge
transfer from the controlled deposition of chemical adsor-
bates,'*'® high current-induced charging of trap states in the
substrate,'” or periodically poled ferroelectric substrates.””

In this letter, we report the fabrication of p-n junctions
in graphene deposited on a uniformly poled ferroelectric sub-
strate. The local doping in our devices is accomplished by
combining simple modifications to a lead zirconium titanate
(PbZry,TipgO3) substrate—the evaporation of thin SiO,
films in some regions—with a self-assembled layer of envi-
ronmental dopants. We find that the PbZr ,Tip gO3 substrate
modulates the doping effect of the adsorbed dopants: devices
are exposed to ambient conditions after fabrication where-
upon experimental observations confirm both the presence of
adsorbed dopants (likely primarily H,O) and their enhanced
doping effect on the PbZr,,TipgO5 relative to the SiO,.
Furthermore, we demonstrate that the PbZry,TipgO5 sub-
strate induces a hysteresis in the environmental doping
which can be used to activate and deactivate the doping
via the application of large gate voltages. We employ this
effect to create p-n junctions which can be reversibly transi-
tioned between p-n junction and uniformly conducting
configurations.

Devices consist of graphene micro-ribbons deposited on
substrates which are partially covered by a thin layer of
evaporated SiO,, and contacted in a four-point geometry, as
illustrated in Figures 1(a)-1(c). An SEM micrograph of a
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typical device is shown in the inset of Figure 1(d). The devi-
ces are fabricated using standard lithography and deposition
techniques on thin-film ferroelectric substrates. For the ferro-
electric substrates, 120 nm thick (001)-oriented lead zirco-
nium titanate (PbZry,TipgO5) films are prepared by pulsed-
laser deposition (PLD) on a strontium titanate (SrTiO3) sub-
strate coated with 20nm of strontium ruthenate (SrRuO3),
following established procedures.?'** For each substrate, an
80 nm-thick layer of SiO, is evaporated in small rectangular
regions, with region widths ranging from 0.5 ym to 3 um, as
illustrated in Figs. 1(a)-1(c). CVD graphene is then trans-
ferred using standard wet transfer techniques,” and pat-
terned into ribbons spanning the deposited SiO, using
photolithography and reactive ion etching. The graphene
channel is 6 um by 4 yum measured from the inner contacts.
Control devices which span regions with no evaporated SiO,
are also fabricated. Finally, Cr/Au (3nm/20nm) leads are
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FIG. 1. (a)—(c) Schematic illustration of the device geometry. The graphene
(grey) spans the regions of evaporated SiO, (purple) on the bare substrate
(teal) and is contacted by Cr/Au electrodes (yellow). The universal backgate
is shown in red. (d) Raman spectra of graphene from a device fabricated on
a thermal SiO; substrate. Inset: a false-color SEM micrograph of a represen-
tative device. The scale bar is 2 ym.

Published by AIP Publishing.
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deposited in a four-point measurement configuration. Raman
spectroscopy is used to confirm the monolayer character and
high quality of the graphene after fabrication; representative
spectra are shown in Figure 1(d).

Transport measurements in air are performed using
two Keithley 2400 SourceMeters. Measurements in vacuum
are performed using an Agilent 4156 C Semiconductor
Parameter Analyzer. In both cases, source-drain current is
measured with a constant source-drain bias of SmV, while
the voltage applied to the backgate is swept. Gate leakage
distorts transport results for gate voltages more positive than
1.5V or more negative than —1V, so gate voltages are lim-
ited to this range. Gate voltage sweep rates range from
10mV/s to 100mV/s; the data presented here are from
sweeps at 100 mV/s. Slower sweep rates yield qualitatively
similar results.

Figure 2(a) shows room temperature I;; vs V4 curves
for devices having different widths of evaporated SiO, on a
PbZr ,Tip gO5 substrate. For the data shown here, the frac-
tion of the graphene channel screened by evaporated SiO,
ranges from 0% to 50% (corresponding to SiO, widths of 0
to 3 um). Two features of the data are immediately apparent:
first, for devices which span an evaporated SiO, region, the
characteristic conductance minimum typically observed in
graphene at the Dirac point is split into two distinct minima,
one at the original Dirac point location and a second shifted
to the right. This is apparent in the top and bottom curves of
the figure: the bottom curve, corresponding to a device with
0% screening, displays a single minimum, while the top
curve, corresponding to a device with 50% screening, dis-
plays two pronounced minima. Second, the width of the
evaporated SiO; region determines which of the two minima
has a smaller absolute value. As the screening fraction is
increased, “weight” is transferred from the minimum at the
original Dirac point location to the secondary minimum, and
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FIG. 2. (a) 154 VS Vg curves (manually offset for clarity) for devices having
different widths of evaporated SiO, on a PbZr(»TijgO5 substrate. The devi-
ces having evaporated SiO, show split Dirac points, and the relative domi-
nance of the left and right Dirac points can be tuned by varying the
evaporated SiO, width. (b) Simulations of transport across a graphene de-
vice having two different locally doped regions, as a function of applied
gate voltage. The simulations show both Dirac point splitting and variations
in left vs. right Dirac point dominance as a function of screening region
width, consistent with the experimental data.
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the depths of the two minima vary accordingly. We attribute
both of these effects to the presence of two different doping
regions in the graphene, defined by the PbZr,,Tij O3 sub-
strate and the evaporated SiO,.

The data can be understood by considering that as the
gate voltage is swept from negative to positive, the Fermi
level passes through the charge-neutrality point (CNP) of
each graphene region separately. Taking the conductance to
be linear with carrier density** ¢ o kr(t) o n and the carrier
density to be linear with the thermally smeared energy differ-
ence between the Fermi level and the CNP,”® we model
the conductance 1n the vicinity of the CNP as: p~! o n

o 1 — e~ (Vee=1=07/2¢ | ¢ \where the constant y accounts for
the extrinsic doping introduced by the fabrication process,
0 € {0,1} describes the substrate-dependent doping, and
€ accounts for the non-vanishing carrier density at the CNP.
Assuming diffusive transport in the graphene, the relative
weight of each separately doped region, and therefore the
relative magnitude of the measured conductance minima, is
determined by the fraction of the graphene channel which is
screened:

-1

Isq [pscn X (pCt'Scr') + Pron-scr. X (pCt'HOH*SCr»)]

This is simulated in Figure 2(b) which shows I;; vs Vg,
curves for screening fractions ranging from 0% to 75% and
is in excellent agreement with our experimental data. We
note that the simulations agree with our data for ¢ > 0 and
0 > 0, which is consistent with the extrinsic p-doping typi-
cally observed in graphene devices fabricated on
PbZI‘()_zTi().gO3.26

The substrate-selectivity of the doping in our devices
suggests that the ambient dopants are polar H,O molecules.
Polar surface adsorbates have been shown to dramatically
affect the electronic properties of complex oxide systems>’
as well as graphene.'>*®2° The H,O doping is substrate-
selective because of the unique ferroelectric nature of the
PbZr( »TipgO5 substrate. Previous work®?>! has established
the importance of the orbital structure of the adsorbate in
determining the most energetically favorable orientation. For
standard graphene devices on SiO, substrates, the structure
of H,O favors a uniform polarization throughout the range of
applicable gate voltages. For graphene on ferroelectric sub-
strates however, previous work?® indicates that electrostatic
effects of the remnant polarization and substrate lattice ge-
ometry can modulate the stability of the H,O polarization. In
the devices described here, it is likely that the interaction
between the remnant polarization of the PbZr,,TiygO3 sub-
strate and the H,O molecules sufficiently alters the ener-
getics of different H,O orientations as to destroy the stability
of the H,O polarization, and thus create less-polarized
regions. This hypothesis is in agreement with data collected
from similar devices fabricated on non-ferroelectric sub-
strates; such devices show none of the characteristic Dirac
point splitting associated with p-n junctions.

The gate-voltage dependence of the H,O polarization
configurations on PbZr,,Tip O3 vs SiO, leads to hysteresis
in the devices. This can be seen in Figure 3(a), which shows
Isq VS Vg curves for forward and reverse gate sweeps per-
formed on the same devices as measured in Fig. 2(a). A
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FIG. 3. (@) L4 vs Vgu. curves (manually offset for clarity) for forward (light)
and reverse (dark) gate voltage sweeps. Representative minima locations are
indicated by the vertical arrows. (b) H,O polarization by device region, as
prepared by positive and negative gate voltages. For negative gate voltages,
H,0 on the PbZr,,Tipg0; region is unpolarized, and H,O on the SiO,
region is polarized. For positive gate voltages, both regions have a net polar-
ization. (c) Simulated carrier density vs. applied gate voltage. The onset of
H,O polarization is indicated by grey shading. Inset: simulated conductance
vs. applied gate voltage. (d) A schematic illustration of the H,O doping hys-
teresis with applied gate voltage; arrows indicate the direction of the gate
voltage sweep.

pronounced hysteresis between forward and reverse gate
sweeps is apparent. As in Fig. 2(a), devices spanning a
region of evaporated SiO, display two distinct minima dur-
ing forward sweeps, while a control device having no SiO,
displays a single minimum. However, all devices display a
single minimum during reverse gate sweeps. We note that
the gate voltages applied here remain below the coercive
voltage of the PbZr(,TipgO3 film; therefore, ferroelectric
switching is not a possible cause of the observed hysteresis.
Ferroelectric switching has been shown to produce similar
behavior;32 however, in this work gate voltages above the
coercive voltage of the film are experimentally inaccessible
due to large gate leakage in our devices.

In order to understand how the hysteresis is related to
the different H,O polarization configurations on the
PbZry,TipgO5 as compared to the evaporated SiO,, it is in-
structive to consider the gate voltages at which the various
minima appear. For example, for the 17% screened curve in
Fig. 3(a) the red arrows point out two minima on the forward
sweep (at 0.6V and 1.1 V) and one minimum on the reverse
sweep (at 0.9 V). These can be compared to the position of
the Dirac point in vacuum at 0.6 V (see Fig. 4). The mini-
mum on the forward sweep at 0.6 V occurs at the same gate
voltage as the vacuum Dirac point, implying that it corre-
sponds to a region of the graphene without a net polarization
in the adsorbed H,O. The remaining minima occur at vol-
tages larger than the Dirac point (0.9 V and 1.1 V) and thus
correspond to regions of the graphene on which the adsorbed
H,O is polarized and produces p-doping. Polarized H,O
typically produces p-doping in graphene, though the precise
mechanism is the subject of continuing research.’*¥3¢
We identify the forward-sweep minimum at 0.6V as

Appl. Phys. Lett. 108, 203109 (2016)
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FIG. 4. Offset Iy vs Vg, curves for devices measured in vacuum. The
Dirac point splitting effect disappears in vacuum, but can be recovered by
leaving the device in ambient conditions overnight.

corresponding to graphene on the non-screened PbZr,
TipgO3 region. This is supported by the fact that all devices
demonstrate a minimum at 0.6 V, independent of different
SiO, screening fractions. In contrast, the minimum indicated
by the rightmost arrow (e.g., at 1.1V for the 17% screened
device) corresponds to graphene on the evaporated SiO,
region, as evidenced by its evolution with increasing SiO,
screening fraction.

We conclude that the application of a negative gate volt-
age destroys the net polarization of adsorbed H,O on
PbZr,,Tip 503, but preserves a net polarization on the SiO,-
screened regions. This creates different local doping levels
and thus a p-n junction. A positive gate voltage establishes
a net polarization in both regions, and thus a uniform channel
with no p-n junction, as depicted in Figure 3(b). This inter-
pretation is further corroborated by the different widths of
the forward and reverse minima for the control (0%
screened) device, as evident in Fig. 3(a). This difference can
be explained by considering that conductance is linear with
carrier density,24 so the width of the conductance minimum
at the Dirac point is determined by the slope of the carrier
density vs. gate voltage curve. Typically, the slope is con-
stant, determined by the gate capacitance. However, for our
devices the onset of H,O dipole doping introduces a nonli-
nearity in the regime where the adsorbed H,O transitions
from unpolarized to polarized; this is shown schematically in
Fig. 3(c). The polarized H,O in our devices p-dopes the gra-
phene, so the onset of its doping contribution temporarily
reduces the slope of the carrier density vs. gate voltage
curve, broadening the conductance minimum. During reverse
sweeps, the transition from polarized to unpolarized H,O
occurs far from the CNP, so the width of the conductance
minimum is unaffected. The hysteresis in H,O polarization
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is illustrated schematically in Figure 3(d). Experimentally,
the polarization hysteresis displays a dependence on both the
magnitude of the applied gate voltage and the duration of its
application, which prevents an exact determination of the
gate voltages required to establish or destroy the H,O
polarization.

The hysteresis of the H,O polarization on
PbZr,Tip gO5 substrates adds an “on/off” switching element
to the p-n behavior. Specifically, we can selectively transi-
tion the device into and out of the p-n junction configuration
through the application of large positive and negative gate
voltages. The initial application of a large positive gate volt-
age establishes a uniform polarization across the device,
yielding a unipolar conducting channel, while a large nega-
tive gate voltage destabilizes the polarization on regions sup-
ported by PbZr, ,Tip gOs. In the latter case, the different H,O
polarizations create separate locally doped regions, and thus
a p-n junction. This “on/off” switching is different than the
standard gate induced switching observed in p-n junctions,
for example, from p-n to p"-p. By comparison, in our devi-
ces the same applied gate voltage can generate either a p-n
junction or a uniformly doped channel, depending on the
H,O polarization condition.

The ferroelectric nature of the PbZr,,TiygO5 substrate
might suggest that the residual electric field from the sub-
strate polarization dopes the regions of graphene in direct
contact with the substrate,”*>” but has less effect in the gra-
phene regions screened by evaporated SiO,. Similarly,
graphene-ferroelectric interfaces are known to have complex
interfacial charge trap dynamics which can generate similar
transport signatures.32 However, both explanations are pre-
cluded by several further experimental observations. First,
the Dirac point splitting effect disappears when the devices
are measured in vacuum. Figure 4 shows I;; vs V4, curves
for the same devices measured at 5 x 10~° Torr, but other-
wise under conditions identical to those of Figure 2(a). All
devices show a single minimum, independent of evaporated
SiO, width or gate sweep rate. Second, leaving the devices
in ambient conditions overnight recovers the splitting effect.
The observed behavior is consistent with an ambient dopant
mechanism, i.e., the substrate-selective formation of a self-
assembled layer of dopant molecules. In vacuum, dopant
molecules desorb from the surface, leaving all regions of the
graphene identically doped. Leaving the device in ambient
conditions allows the dopant layer to reassemble, thereby re-
establishing the separately doped regions.

The absence of Dirac point splitting in vacuum measure-
ments also eliminates differences in gate capacitance as a
dominant source of the splitting effect. The screened and
non-screened regions of the device have different gate thick-
nesses and dielectric constants, which might suggest that the
application of the same gate voltage would generate different
doping levels in each region, and hence the transport behav-
ior we observe. However, any capacitive differences between
the regions are static, depending only on the geometry of the
device, while the Dirac point splitting effect is dynamic, dis-
appearing in vacuum. Capacitance-based explanations are
further ruled out by the nearly identical Dirac point locations
observed in all devices under vacuum. In particular, the simi-
larity of data under vacuum from the control device (having

Appl. Phys. Lett. 108, 203109 (2016)

no evaporated SiO,), and from the devices which do span an
evaporated SiO, region confirms that gate capacitance differ-
ences between the two regions are not the primary cause of
the Dirac point splitting effect.

In summary, we have fabricated a controllable p-n junc-
tion in graphene on a ferroelectric substrate. We employ sim-
ple substrate modifications to define local doping regions,
where the doping is accomplished through the substrate-
selective formation of a self-assembled layer of ambient dop-
ing molecules. Alternative explanations for the local doping
effect are ruled out, and the dynamics of the ambient doping
suggest that it is due to polar H,O molecules. Finally, the
PbZr(,Tip 303 substrate creates a hysteresis in the ambient
doping effect which can be used to controllably bias the de-
vice into and out of a p-n junction configuration, using a sin-
gle, universal backgate.
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