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Photoinduced doping in heterostructures
of graphene and boron nitride
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The design of stacks of layered materials in which adjacent layers
interact by van der Waals forces' has enabled the combination of
various two-dimensional crystals with different electrical, optical
and mechanical properties as well as the emergence of novel
physical phenomena and device functionality?. Here, we
report photoinduced doping in van der Waals heterostructures
consisting of graphene and boron nitride layers. It enables flex-
ible and repeatable writing and erasing of charge doping in gra-
phene with visible light. We demonstrate that this photoinduced
doping maintains the high carrier mobility of the graphene/
boron nitride heterostructure, thus resembling the modulation
doping technique used in semiconductor heterojunctions, and
can be used to generate spatially varying doping profiles such
as p-n junctions. We show that this photoinduced doping
arises from microscopically coupled optical and electrical
responses of graphene/boron nitride heterostructures, including
optical excitation of defect transitions in boron nitride, electrical
transport in graphene, and charge transfer between boron nitride
and graphene.

Recent scanning probe and electrical transport studies have
revealed moiré patterns>™, new Dirac points® and the Hofstadter
butterfly® in graphene/boron nitride (G/BN) heterostructures,
hence convincingly demonstrating that the interaction between
the constituents of van der Waals heterostructures (VDHs) plays a
key role in their properties. Light-matter interactions in VDHs
can also exhibit new phenomena arising from the coupling
between the layered constituents. A recent work exploited the
strong optical absorption of WS, and the tunability of graphene
electrodes to engineer graphene/WS,/graphene heterostructures
for flexible photovoltaic devices with high quantum efficiency®.
Here, we demonstrate an emerging optoelectronic response in
G/BN heterostructures, where patterned doping of graphene can
be controllably written and erased through optical excitation of
BN. This photoinduced doping is analogous to the modulation
doping in semiconductor heterojunctions in that it preserves the
remarkably high mobility of G/BN!*!! by having the dopants separ-
ated from the conducting channel. This photoinduced ‘modulation’
doping in G/BN heterostructures arises from defect states in the
bulk of crystalline BN flakes. It is qualitatively different from photo-
induced effects previously observed in graphene on SiO, (G/SiO,),
which originates from interfacial charge traps in the amorphous
oxide!>!*. Moreover, compared with G/SiO, devices, the photodop-
ing response in G/BN is more than 1,000 times stronger. It leads to
an electron mobility more than an order of magnitude higher and it
has superior stability and reversibility. These unique features of

photodoping in G/BN could enable novel high-quality graphene
electronic devices using a photoresist-free photolithography,
where the BN substrate itself acts as the photosensitive medium.

Graphene charge transport in the G/BN heterostructure can be
modified upon illumination even with an incandescent lamp, as
we show in Fig. 1. We monitored the graphene resistance R while
sweeping the bottom gate voltage V, with different optical excitation
conditions. The graphene resistance shows a sharp peak at the
charge neutral point (CNP) with V,~ 0V and has little hysteresis
in the absence of light exposure (Fig. 1a), similar to that observed in
many graphene field-effect-transistor devices!®!"1415 The transport
behaviour becomes completely different, however, when the device
is exposed to moderate optical illumination.

In Fig. 1b, we plot the gate-dependent graphene resistance when
the device is under illumination from an incandescent lamp. V, is
swept from 70 V to —70 V and then back to 70 V. We observe
that R initially increases until it reaches the CNP at V,=0V.
Subsequently, R remains constant as V, sweeps to negative voltages,
as if the gating is not working. This is in striking contrast to the
behaviour without light illumination (Fig. la). When the V,
sweep is reversed, R drops quickly as if the reversal point (rather
than Vg =0) is the CNP.

To further investigate this intriguing photoinduced response,
we measured R(Vg) while alternately switching the light off and
on as V, was swept from 20 V to —50 V at a constant rate of
0.05Vs ! (Fig. 1c). We observed conventional R(Vg) behaviour
when the light was off (for V=20V to =5 V), and R increased
quickly and became pinned at the CNP value whenever light was
switched on. Once the light was switched off, R decreased from
the CNP value with more negative V,,.

Although the photoinduced responses under different illumi-
nation conditions seem quite complicated, they can be understood
with a very simple phenomenological model, as illustrated in
Fig. 1d,e. In this model, visible light induces a positive charge dis-
tribution in BN that completely screens the negative V,, and the
positive charges in BN are fixed when the light is switched off.
This model explains qualitatively all of our experimental obser-
vations: the backgate is screened and graphene is pinned at the
CNP with the light on and at negative V,, and this V, sets the
CNP when the light is off or V, becomes less negative. When
the V, is removed, it results in a stable n-type doping in gra-
phene. Because the positive dopants (in BN) are remote from
the n-type conducting channel (in graphene), this is analogous
to the modulation doping first developed for high-quality semi-
conductor heterojunctions'®!’, where dopants are separated
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Figure 1| Experimental observation of photoinduced modulation doping effect in G/BN heterostructures. a, Representative R(V,) data in a G/BN device
showing a sharp resistance peak at V, = O without light exposure. Inset: Optical micrograph of device, with graphene (outlined by the solid line) on a BN
flake (blue, 18 nm thick) and contacted by chrome/gold electrodes. Scale bar, 8 pm. b, R(Vg) trace as Vg sweeps from 70 V to —70 V and then back to 70 V
with the device exposed to light. Light illumination changed the gating behaviour in the graphene, with negative gating becoming ineffective and the graphene
resistance remaining at the CNP value. The BN flake here and in ¢ is ~100 nm thick. ¢, R(V,) trace when V, sweeps from 20 V to —50 V and the light
illumination is alternately switched on and off. Graphene resistance is pinned at CNP value whenever light is switched on at negative V, and shows normal
gating behaviour when light is switched off. d,e, Charge distribution in the G/BN device when light (green arrows) is switched off (d) and on (e). Positive
charges accumulate in BN under light illumination at negative V,, which effectively screens the backgate and keeps graphene at the CNP. Yellow, Cr/Au;
purple, graphene; blue, BN; violet, SiO,; grey, Si.
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Figure 2 | Transport characteristics of G/BN after photoinduced modulation doping. a, R(V,) traces displaying high-mobility charge transport in G/BN
devices with photoinduced modulation doping. Red trace: Behaviour of a pristine sample. The other traces were acquired after photodoping, with the
graphene CNP set at Vg= —10, —20, —30, —40 and =50V, respectively (from right to left). The BN flake is ~80 nm thick. b, Quantitative determination of
electron mobility p (squares, left axis) and charge density fluctuation n at the CNP (triangles, right axis) from R(V;) traces in a, at different photoinduced
doping density npp. Error bars represent +1s.d. ¢, Generation and erasure of a p-n junction in a G/BN heterostructure with light. Inhomogeneous
photodoping can be established by illuminating part of the G/BN device with light at V, = —20 V (inset), which results in an R(V,) response typical of a
graphene p-n junction (blue trace). Subsequent exposure of the device to light at V, =0 V erases the inhomogeneous doping and recovers the R(V,)
response of pristine graphene (red trace).

from the conducting channel to prevent charge scattering. that a p-type doping can also be induced in G/BN by optical exci-
Although the photoinduced ‘modulation” doping in G/BN is not tation at a positive V,,, but the dynamics is orders of magnitude
permanent, we found it can last for many days at room tempera-  slower. We have measured 27 G/BN samples, and all exhibit the
ture when the device is kept in a dark environment. Furthermore, photodoping effect. However, the exact dynamics of photodoping
it can be erased easily within minutes with light illumination at can vary significantly depending on both the BN flake thickness
an intensity of ~10 wW wm™ 2. Further measurements show and the batch of parent BN crystals.
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Figure 3 | Dynamics and origin of photoinduced modulation doping effect. a, Photoinduced doping density as a function of time in two devices under the
same illumination condition and gating electrical field. Black and red traces correspond to BN flake thicknesses of 20 nm and 110 nm, respectively. Evidently,
the rate of photodoping is significantly higher in the G/BN device with a thicker BN flake. Inset: Photodoping rate in more samples, showing that the rate
increases systematically with BN thickness, although it fluctuates significantly from sample to sample. The error bars are defined by the error in determining
AV,, which is within +0.2 V (see Supplementary Section 4 for details). b, Schematics of the band structure of the graphene/BN heterostructure and
illustration of the photodoping mechanism, where optical excitation first excites electrons from defects in BN. Red (green) lines represent the conduction
(valence) band. The excited electrons move into the graphene under the applied gate electrical field, and the positively charged defects lead to modulation

doping in the graphene when the light and V is off.

Photoinduced modulation doping offers two distinct advantages
for novel graphene electronic and optoelectronic devices. First,
optical illumination provides incredible flexibility for control of
doping: different doping concentrations and patterns can be
written using light, and they can be generated and erased at will.
Second, the doping mechanism preserves the remarkably high
mobility typical of G/BN.

Figure 2a,b shows the excellent transport properties of graphene
with photoinduced modulation doping. We control the doping level
by exposing the device to light at fixed V, until the resistance stabil-
izes, and then take an R(V,) scan with the light off. We used V, set
points at 0 (before dopingi —10, —20, —30, —40 and —50 V and
plot the resulting R(V,) traces in Fig. 2a. The photoinduced
doping leads to a shift of the CNP to the V,, set points, correspond-
ing to an n-doping concentration. Remarkably, the peaks of all
R(Vy) plots remain as sharp as the pristine sample. This is in striking
contrast to doping induced by adsorbed atoms, where a significant
increase of R(V,) peak width accompanies higher doping concen-
trations'®%°, Figure 2b quantifies the charge transport properties
by plotting the charge density fluctuations 8n and mobilities w
close to the CNP for different photoinduced doping concentrations
(Supplementary Fig. 1). Evidently, the photoinduced doping
preserves the excellent electrical transport properties of G/BN.
The electron mobility u remains almost constant over the
entire range of doping concentrations. 8n exhibits similar
behaviour and increases only marginally as the doping level
increases to 3 x 10'* cm ™

Figure 2¢c demonstrates the flexibility of photoinduced doping to
optically control the doping profile of G/BN. We created a high-
quality graphene p-n junction by exposing one region of the
sample to light with V, set at —20 V (Fig. 2c, inset). The resulting
R(Vg) trace taken with the light off is shown in Fig. 2¢ (blue line).
Two distinct peaks are observed, which have similar heights and
are separated by —16 V. This transport behaviour is characteristic
of a graphene p-n junction?-?*. This photoinduced doping can
last for days if the device is kept in a dark environment, or it can
be erased by exposing the sample to white light with V,=0V.
The erasure process usually requires 50 times higher illumination
dosage (power density x exposure time) than the doping process.

350

The red trace in Fig. 2c shows the R(V,) curve after the erasing
process; it has a single sharp peak centred at V,=0V as in the
pristine device.

Combining the photoinduced modulation doping with
photolithography techniques can enable scalable fabrication of
high-mobility graphene devices with arbitrary doping pattern.
This fabrication scheme does not require any photoresist because
G/BN itself is the photosensitive medium. Also, the device is rewri-
table by controlling light illumination. It offers distinct advantages
over alternative techniques used to create graphene p-n junctions
that require nontrivial multi-step fabrication processes that reduce
sample quality??? and/or generate irreversible doping?*.

We next studied the microscopic processes responsible for
photoinduced modulation doping in G/BN. First, we needed to
identify the electronic states being excited by photons that lead to
photodoping effects. The initial optical excitation might take place
at the G-BN interface (by exciting graphene or special interface
states!>!3) or inside the BN. These two cases can be differentiated
by examining the photodoping dynamics with different BN thick-
nesses, because the photodoping rate will have a positive correlation
with BN thickness if electronic states in BN are excited, and it will be
independent of BN thickness if interface states are excited. Figure 3a
shows the experimental data for G/BN heterostructures with 20 nm
and 110 nm BN flakes. These two BN flakes were exfoliated from the
same scotch tape to ensure that they had the same physical proper-
ties. At £ =0 s we set V, = —30 V for the 20 nm BN sample (—40 V
for the 110 nm BN sample to ensure the same doping density) and
switched on the light. From Fig. 3a we can see that the dynamic
resistance increase (or photodoping rate) is much faster in the
110 nm BN sample than in the 20 nm BN sample under the same
illumination condition. Results for more samples are plotted in
the inset of Fig. 3a. We observe a systematic increase in photodoping
rate in thicker BN flakes, although a significant variation of doping
rate is observed. Our results suggest that optical excitation of elec-
tronic states inside BN initializes the photoinduced doping in
G/BN heterostructures. The typical light power density we used
was 0.1-1 pW wm %, which is three orders of magnitude lower
than that required to observe photodoping originating from inter-
facial charge traps in SiO,!>13.
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Figure 4 | Optical spectrum of defect states in h-BN. Photodoping rate as a
function of photon energy for donor (acceptor) states is extracted by
applying a negative (positive) V,. The green trace shows that the
photodoping rate (and therefore the absorption cross-section) from donor
states keeps increasing in the experimental spectral range (up to 2.6 eV). A
similar trend is observed for acceptor-like states (red trace), but this
photodoping rate is about two orders of magnitude lower. These spectral
dependences suggest deep donor and acceptor defect levels close to the
middle of the BN bandgap. The BN flake is ~60 nm thick.

In the past, BN was always considered to be an inert substrate
because it has a bandgap of 6.4 eV (ref. 25). Accordingly, it is
quite surprising that the photoinduced doping in G/BN originates
from optical excitation of electronic states in BN. Obviously, the
visible photons used in the experiment cannot excite the bandgap
transitions, but they can excite defect states in BN. In Fig. 3b we
illustrate a physical picture of the photoinduced doping in G/BN
starting with defect states in BN. Graphene is initially hole-doped
at a negative V, in the dark, and an electric field emanates from gra-
phene to silicon. Upon optical illumination, electrons of donor-like
defects in BN are excited by photons to the conduction band. These
excited electrons can be mobile and move towards the graphene, fol-
lowing the existing electrical field, and then enter the graphene. The
ionized defects are positively charged and localized in the BN, and
they effectively screen the backgate. The process continues until the
electric field in the BN vanishes and graphene becomes charge
neutral, as we observed experimentally. Because the ionized
defects are within the BN flake, which are on average tens of nano-
metres away from the graphene, they introduce minimum extra
scattering in the graphene®. Additionally, correlations between
these charged defects can reduce the scattering even more?.
Negatively charged defects can also be generated in BN if optical
excitation excites acceptor-like defects in BN at a positive V.
However, the process is much slower in our experiment, presumably
due to a much lower concentration of acceptor-like defects in BN.

With this microscopic understanding, we can employ the photo-
induced doping in G/BN as a tool to study the nature of the BN
defect states. The optical absorption cross-section of defect states
in BN is proportional to the generation rate of ionized defects,
which can be measured sensitively through their effect on graphene
electrical transport (Supplementary Fig. 5). Moreover, we can probe
selectively the donor-like defects and acceptor-like defects by setting
V, to be negative and positive, respectively. Figure 4 shows the
photodoping rate for acceptor-like defects (red trace) and donor-
like defects (green trace) as a function of photon energy. We
found that photodoping rate, which is proportional to the optical
absorption of the defect states, varies with defect type and excitation
energy. For donor-like states, we found that the absorption cross-

section keeps increasing in the experimental spectral range (up to
2.6 eV). A similar trend is observed for acceptor-like states, but
the photodoping rate is approximately two orders of magnitude
lower. These spectral dependences suggest deep donor and acceptor
defect levels close to the middle of the BN bandgap. Previous theor-
etical work has found that the dominating donor and acceptor
absorption resonances are from a nitrogen vacancy at 2.8 eV and
a carbon impurity (substituting a nitrogen atom) at 2.6 eV
(ref. 28). These resonances are slightly beyond our experimental
spectral range, but are consistent with the observed strong rise
below 2.6 eV. A greater spectrum range in the higher photon
energy regime will be necessary to directly probe the absorption
resonances from the defect levels.

In summary, we have observed a strong photoinduced modu-
lation doping effect in G/BN heterostructures and have provided a
microscopic description of its origin. This effect can enable flexible
fabrication of graphene devices through controlled light exposure as
in photolithography. Moreover, it allows for repeatable writing and
erasing of the doping features and preserves the very high mobility
of G/BN. This new and simple technique of creating inhomo-
geneous doping in a high-mobility graphene device opens the
door to novel scientific studies and applications.

Methods

Most samples were fabricated with the transfer technique developed by Zomer and
colleagues'! and using standard electron-beam lithography. We used an h-BN
thickness of 10-110 nm and a SiO, thickness of 285 nm as the dielectrics for
electrostatic gating. Monolayer graphene exfoliated from Kish graphite was
deposited onto a methyl methacrylate (MMA) polymer and transferred to exfoliated
hexagonal boron nitride (h-BN) sitting on a SiO,/Si wafer. We used a standard
a.c. current biased lock-in technique with 15 nA at 97.13 Hz in a cryostat at 77 K
and under a vacuum of 1 x 10 torr. A fibre-based supercontinuum laser was
guided into the cryostat through an optical window and a different wavelength
was obtained through diffraction from a grating. We also investigated several devices
using epitaxially grown graphene on BN flakes?, which exhibited similar behaviour.
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