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We have used scanning photocurrent microscopy to explore the electronic characteristics of a
graphene p-n junction fabricated by local chemical doping of a graphene sheet. The photocurrent
signal at the junction was found to be most prominent for gate voltages between the two Dirac
points of the oppositely doped graphene regions. The gate dependence of this signal agrees well
with simulations based upon the Fermi level difference between the two differently doped sections.
It is concluded that the photocurrent maps are dominated by the built-in electric field, with only a
minor photothermoelectric contribution. © 2010 American Institute of Physics.

[doi:10.1063/1.3505926]

Graphene has emerged as a novel, highly promising
component of nanoscale electric devices. It is a zero-bandgap
semiconductor whose electrical transport characteristic can
be tuned between p- and n-type by shifting the Fermi level
through an external electric field. Graphene-based p-n junc-
tions have recently attracted strong interest, owing to the
possibility to investigate interesting ghenomena such as the
Hall effect'™ and Klein tunnelhng In addition, they may
enable Veselago lensing of coherent electrons.’” A conve-
nient fabrication method for graphene p-n junctions is
chemical doping,”’12 which involves n-doping of part of the
graphene sheet, while its remainder preserves the p-doping
character that arises from oxygen and/or water adsorbates.
Nonetheless, a detailed understanding of such p-n junctions
is still needed in order to realize novel devices. In this letter,
we use scanning photocurrent microscopy (SPCM) (Refs.
13-15) to probe the electronic properties of a chemically
doped p-n junction in dependence of the Fermi level in the
device. Thus far, the origin of the photocurrent generated in
carbon nanostructure-based devices has remained controver-
sial. In fact, while some studies have attributed the photore-
sponse to the built-in electric ﬁelds,lsf17 others have favored
the role of thermoelectric effects.'>!"” Hence, we have per-
formed a contrasting analysis of the SPCM data in the frame-
work of these two mechanisms.

The present p-n junction devices were fabricated as fol-
lows. First, graphene was mechanically exfoliated from a
highly oriented pyrolytic graphite (HOPG) crystal,20 and
then transferred onto a silicon substrate covered with a ther-
mally grown, 300 nm thick SiO, layer. Individual graphene
sheets were located by optical microscopy, and monolayers
identified from confocal Raman spectra (\.,.=488 or 633
nm). Source and drain contacts were defined by e-beam li-
thography and subsequent evaporation of 0.5 nm Ti/25 nm
Au. Toward implementing the p-n junction, a window in a
300 nm double layer poly(methylmethacrylate) (PMMA) re-
sist was opened over one half of the graphene sheet. Subse-
quently, the exposed area was n-doped by immersion in a 5
wt % aqueous solution of poly(ethyleneimine) (PEI) for
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~10 min at room temperature, followed by rinsing the
sample with pure water and drying under nitrogen flow. Best
doping results were obtained with branched PEI (molecular
weight 10 kDa). The local n-doping was confirmed by an
upshift and narrowing of the G peak, along with a softening
and slight broadening of the two-dimensional peak in the
corresponding Raman spectrum.21

Prior to chemical doping of the partially PMMA covered
sheets, the maximum in the resistance (R) versus gate volt-
age (V,) plots occurred at a gate voltage between 0 and
+80 V, depending on the exposure to the ambient. 2 After
n-doping of the sheet half, two maxima emerged in the R
versus V, plots, as exemplified by Fig. 1. While one maxi-
mum was located at roughly the same positive gate voltage
as before doping, the other one occurred within the negative
gate voltage range, consistent with the behav10r of other
chemically doped graphene p-n ]uncnons 3 For the spe-
cific device in Fig. 1, the charge neutrality points are reached
at a back-gate voltage of V2™ =—10 V for the uncovered
(n-doped) region, and VL' =20 V for the covered (p-
doped) region. These values correspond to an electron den-
sity of 7.5X 10'" ¢cm™2 in the n-doped half, and a hole den-
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FIG. 1. Transfer characteristic of a graphene pn-junction recorded under
ambient. The resistance data were extracted from linear fits to I-V charac-
teristics measured at varying back gate voltage. The two resistance maxima
corresponding to the Dirac points occur at VP =—10 V and VDIt

=20 V. The inset shows the corresponding I-V trace of the device.

© 2010 American Institute of Physics
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sity of 1.5X10'> cm™ in the p-doped half, respectively.20
As expected from theory5 and confirmed experimentally at
low temperature (4 K),” the current —voltage (I-V) curves
(see inset of Fig. 1) did not show diode behavior, which can
be explained by the absence of a band gap and the presence
of Klein tunneling.sf9 Another noteworthy feature is the con-
duction asymmetry for the two charge carrier types, which is
manifested in a lower slope of the hole branch, as compared
to the electron branch. This observation can be ascribed to an
imbalanced carrier injection from the metal contacts.'’ The
asymmetry was found to persist for up to 3 h upon storage of
the devices under ambient, whereas it took close to 20 h for
the Dirac point to shift back to positive gate voltages. It thus
follows that the doping is air stable for at least 3 h.

SPCM measurements were carried out under ambient
conditions at zero source drain bias by using a confocal laser
microscope (HeNe laser with 633 nm wavelength, ~0.4 um
spot size, and power density of 100 kW per cm?). Similar
SPCM images were obtained with other laser wavelengths
(476 or 514 nm from Ar laser), although the magnitude of
the photocurrent varied slightly due to the difference in the
respective laser power densities. As the transfer curves dis-
played a significant hysteresis, the gate voltage was swept
prior to each SPCM measurement in order to ensure that the
device remains within the same hysteresis branch. Before the
p-n junction formation, the SPCM images exhibited two ma-
jor features characteristic of pristine graphene.15 These are (i)
strong photocurrents of opposite sign at the metal contacts
which inversed sign upon switching the device from the n- to
the p-regime or vice versa, attributable to the presence of
potential steps at the metal-graphene interface,'** and (ii) at
the Dirac point weak local signals appearing over the sheet,
which originate from electron-hole puddles and/or defects.
The absence of additional features signifies that the PMMA
layer covering part of the graphene sheet by itself does not
influence the potential distribution in the device, e.g., via
local doping or mechanical deformation of the sheet.

Figure 2 displays a sequence of zero bias SPCM images
of the p-n junction device in Fig. 1 recorded at different back
gate voltages. For gate voltages close to V,=0 V, intense
signals of identical sign occur at the source and drain con-
tact, whose magnitude is comparable to those in pristine
graphene devices. Moreover, a similarly strong signal
emerges around the p-n junction. Upon sweeping the gate
voltage from between the two neutrality points (Viigpoint
=5 V in Fig. 1) to more negative gate voltages, the junction
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(b)

FIG. 2. (Color) Scanning photocurrent
microscopy maps of the p-n junction
device in Fig. 1. (a) Zero source-drain
bias SPCM images acquired at differ-
ent gate voltages between —100 and
+50 V. (b) Optical reflection image of
the device with source (S) and drain
(D) contacts. The electrode edges are
highlighted by solid lines. The
n-doped region is located within the
lower left quadrant, as denoted by the
dopant PEI, while the interface be-
tween the PMMA-covered and
-uncovered regions appears as diago-
nal feature (marked by dashed solid
line) between the source and drain
contact.

lobe moves toward the source contact. Conversely, when
moving into the more positive gate voltage regime, this lobe
shifts in the opposite direction toward the drain contact. The
strongest response at the junction occurs at Viigpoin=5 V,
with the value of approximately —0.9 uA being comparable
to the magnitude of the contact responses at V,=50 V.

In Fig. 3(a), the photocurrent detected at the p-n junction
is plotted against the applied back gate voltage. To elucidate
the mechanism of photocurrent generation, we first consider
the gate-dependent Fermi level shift within the two differ-
ently doped sheet sections. To this end, the Fermi level po-
sition in the two differently doped regions of the sheet is
estimated using the relation

EF — th sgn(Vg _ VgiraC)(Wa)I/Z(Vg _ VgDiraC)l/Z, (1)

where the gate coupling parameter a~ 7.3 X 10'% cm=2 V~!
relates the electrostatically induced carrier density to the
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FIG. 3. (Color online) (a) Photocurrent measured at the graphene p-n junc-
tion at zero source-drain bias and different gate voltages. (b) Calculated gate
dependent Fermi level difference between the n-doped and p-doped
graphene sections (full line), and calculated gate dependent difference be-
tween the Seebeck coefficients of the n- and p-doped graphene sections
(dashed line).
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applied gate voltage. As apparent from Fig. 3(b), the photo-
current measured at the p-n junction is well reproduced by
the calculated Fermi level difference AEr=FE  covered.r
—E yverea.r Detween the two sheet sections as a function of
gate voltage. This finding suggests that the photocurrent is
governed by the electric potential step AV at the junction
interface."” For comparison, Fig. 3(b) depicts the response
expected on the basis of the photothermoelectric effect
(PTE), whereby photoexcited charge carriers would diffuse
to the region of largest electronic density of states.'® In the
PTE model, the generated photocurrent is proportional to the
temperature gradient across the interface, as well as to the
difference in the Seebeck coefficients (S) of the correspond-
ing regions. The latter term is given by the Mott relation as
follows:
— kT 1 dG dV,

§S=- s (2)
3¢ GV, dE |y,

where kp is the Boltzmann constant and G is conductance.
Accordingly, we estimated the Seebeck coefficients of the p-
and n-type regions (S, and S,) by using the experimental G
versus V, curves, combined with Eq. (1). The corresponding
plot in Fig. 3(b) reveals that the difference (S,-S,), which is
proportional to the PTE-generated photocurrent, reverses
sign around the Dirac point of the p-type region. This behav-
ior is clearly different from the measured photocurrent,
which lacks such sign reversal predicted by the PTE model.”
In Fig. 2(a), small positive photocurrents can be observed in
the vicinity of the p-n interface at V,=50 V, and small nega-
tive photocurrents are discernable in other interface regions.
In view of the absence of a strong potential step at the p-n
junction for this gate voltage, these signals may originate
from potential fluctuations associated with charged impuri-
ties or defects. It is noteworthy that the emergence of a small
positive photocurrent does not contradict the above conclu-
sion, since the PTE model predicts a pronounced, positive
photocurrent for V,> VgD ¢ comparable to the negative sig-
nals observed at the p-n junction.

In summary, the gate dependent photocurrent response
of a graphene p-n junction has been found to be dominated
by the electric potential step at this location, although a con-
tribution from the PTE cannot be ruled out. The photocurrent
maps are thus consistent with the existence of three different,
gate controlled device regimes, namely, n*-n, p-n, and p*-p.

Appl. Phys. Lett. 97, 193102 (2010)

Similar studies on devices comprised of modified graphene
with a band gap are promising to explore the suitability of
graphene for photodetector or solar cell applications.

The authors are grateful to R. S. Sundaram and B.
Krauss for assistance with the Raman measurements.
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