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ABSTRACT: Graphene-based p—n junction photodiodes
have a potential application prospect in photodetection due
to their broadband spectral response, large operating
bandwidth, and mechanical flexibility. Here, we report an
ultraviolet (UV) rewritable p—n junction photodiode in a
configuration of graphene coated with an amorphous
phosphor of 4-bromo-1,8-naphthalic anhydride derivative
polymer (poly-BrNpA). Under moderate UV irradiation,
occurrence of photoisomerization reaction in the poly-
BrNpA film leads to its drastically modified optical character-
istics and a concurrent n-type doping in the underneath
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p dopud graphene

UV irradiation Water adsorption

p-n junction photodiode n doped graphene

graphene. Meanwhile, the poly-BrNpA film, highly sensitive to water molecules, has a capability of restoring graphene to its
initial p-type doping status by means of water adsorption. Based on these findings, a lateral graphene/poly-BrNpA p—n junction
photodiode, responsive to visible light at the junction interface, can be written by UV irradiation and then erased via water
adsorption. The p—n junction photodiode is rewritable upon such repetitive loops showing repeatable optoelectronic
properties. This study provides a new scheme and perspective of making graphene-based rewritable p—n junction photodiodes
in a flexible and controllable way, and it may contribute to expanding new families of optoelectronic devices based on two-

dimensional materials.
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B INTRODUCTION

Graphene-based lateral p—n junction photodiodes play a key
role in the field of photodetection due to their inspiring
features of broadband spectral response, large operating
bandwidth, and mechanical ﬂexibility.l_m In general, this
type of p—n junctions are fabricated by two routes: one is to
introduce heteroatoms through pretreating substrates or
changing growth parameters in the chemical vapor deposition
(CVD) process,” and the other is to introduce extra charge
carriers in graphene via approaches like direct contact doping,®
electrostatic gating,“’11 and electron and light irradia-
tions.”~*'*7** Among them, post-treatment of graphene
under electron or light irradiation provides a feasible solution
to realizing rewritable p—n junctions by virtue of reversible
charge transfer, opening a door to a variety of graphene-based
optoelectronic devices.”'*~"”

Light irradiation has a capability of doping graphene in
macro-/micro-/nanometer scale in a flexible and cost-effective
way. On one hand, oxygen radicals photodissociated under
vacuum ultraviolet (UV) irradiation, or high-energy-laser-
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induced heating at visible wavelengths, can cause photo-
chemical oxidation and as a consequence induce irreversible
charge doping in graphene.”®**° On the other hand, under
moderate UV or visible-light irradiations, photoexcited charges
trapped at SiO, interface or defects situated inside hexagonal
boron nitride (h-BN) can dope graphene via charge transfer in
a reversible way.””~"" This remarkable reversibility of charge
carrier doping has the potential for making graphene-based
rewritable photodetectors from the perspective of pho-
tons," ™" overcoming the limitation of nanomechanical
fabrication by a scanning probe in complex-oxide materials.”’
As for graphene supported on SiO,/Si substrates, however, its
charge carrier restoration ensuing UV irradiation-induced
doping appears too slow to be applied in the field of rewritable
photodetectors."'®'? Meanwhile, the gate-controllable photo-
induced p—n junction in hybrid graphene/h-BN structure
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Figure 1. Characterization of the poly-BrNpA phosphor under UV irradiation. (a) Skeletal structural formula of the poly-BrNpA phosphor with the
radio of m/n = 1:50. (b) UV—vis—NIR absorption spectral evolution for UV-irradiated poly-BrNpA film, (c) its PL images excited by UV—vis light
(A =365, 448, and 546 nm), and its spectral evolution excited by lasers at (d) 325 nm and (e) 532 nm. The PL intensity of pristine PB and G/PB
are multiplied by 3 for clarity. PB and G/PB in panels (b), (d), and (e) denote poly-BrNpA and graphene/poly-BrNpA, respectively. The scale bar

in (c) is 100 ym.

appears challenging for photodetection due to its erasable
character under daylight irradiation.'®"”

Organic/inorganic photosensitive layer can improve the
photoresponsivity of graphene-based hybrid photodetectors by
functioning as a charge-transfer medium following its addi-
tional optical absorption.””'* Some kinds of organic
fluorescent materials were recently demonstrated to possess
fantastic optical features like photochromic behavior, paving
the way for novel scientific studies and applications.”””>>
Metal-free room-temperature phosphor, a type of newly
emerging organic luminescent material, has attracted more
and more attention toward exploring new photoelectric devices
in the last few years.”*~>® Compared with the popularly used
fluorescent materials, it has much abundant electronic states
and can emit an extra slow phosphorescence under optical
excitation stemming from the triplet-to-singlet state electron
transitions.”>~** When combined with graphene, the peculiar
electronic and optical traits of phosphor may provide a
solution to realize graphene-based rewritable photodetectors.

In this work, we report a UV rewritable lateral p—n junction
photodiode based on the hybrid graphene/4-bromo-1,8-
naphthalic anhydride derivative polymer (poly-BrNpA) field-
effect transistor (FET) structure.”® Under moderate UV
irradiation, the poly-BrNpA phosphor exhibits an interesting
irreversible photoisomerization phenomenon with its optical
absorption and photoluminescence (PL) properties drastically
modified. As a result, it facilitates n-type doping conversion in
the underneath graphene via interfacial electron transfer. A
reverse charge doping is then realized by virtue of its high
sensitivity to water molecules. In this process, a defect band is
introduced in the band gap by water molecule adsorption, and
it opens a channel for electrons reverting to the phosphor. By
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precisely tuning the UV spot size and its position irradiated on
FET channels, we can make graphene/poly-BrNpA lateral p—n
junction photodiodes. Such photodiodes can be erased by
water molecule adsorption and exhibit rewritable and stable
characteristics under the cyclic UV irradiations. This work
opens the way to develop graphene-based rewritable photo-
diodes in a flexible way, and it may provide new perspectives to
developing novel optoelectronics based on the flourishing two-
dimensional materials.””~*

B EXPERIMENTAL SECTION

Fabrication of the Hybrid Graphene/Poly-BrNpA FET
Device. Large-area CVD-grown monolayer graphene was transferred
from copper foil onto SiO, (300 nm)/Si (p**, 0.001—0.004 Q-cm)
substrates taking a PMMA-mediated approach,>*™>” and then
annealed in a flowing gas mixture (Ar/H, = 200:100 sccm) for 2 h
at 290 °C. The hybrid graphene/poly-BrNpA FET devices were
fabricated through a two-step shadow mask process® and the
subsequent phosphor coating as follows. First, graphene was etched
into an array of channels by magnetic-assisted UV ozonation under
irradiation of a xenon excimer lamp (4 = 172 nm). Then, Cr/Au
electrodes (5/90 nm) were deposited using a vacuum thermal
evaporator. Finally, a 2 wt % poly-BrNpA aqueous solution was
dropped on graphene channels and dried by natural evaporation to
obtain hybrid graphene/poly-BrNpA FET devices. Herein, the poly-
BrNpA powder was synthesized by a radical binary copolymerization
of acrylamide and 4-bromo-1, 8-naphthalic anhydride derivative.”® A
KLA-Tencor P7 surface profiler was used to measure the thickness of
each layer.

UV Rewritable Photodiode Fabrication and Electronic/
Optoelectronic Measurements. A specially equipped fluorescence
microscope (Olympus BX61), as schematically illustrated in the
configuration (Figure S1), was used to modify charge carrier doping,
obtain PL images, and measure the electronic/optoelectronic
properties of graphene-based devices. A high-pressure mercury lamp

DOI: 10.1021/acsami.9b 14461
ACS Appl. Mater. Interfaces 2019, 11, 43351—43358


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b14461

ACS Applied Materials & Interfaces

Research Article

a b ¢ ]0‘ ! C 300 Pristine
7=365 nm 15047 115 wvon iy
D 250 ——3min
100 Ji0's —— S5 min
e/ 10 min
—~ — E — 15 mi
2 50 1s § <« 200 — 20min
2 = =
Adjustable aperture / £ o g ~ 150
> 15 <+
Q 4
3 Poly-BrNpA -50 5 5 100
{3 Graphene Q
Si0, -100 50
- Si -10 V=01V
0 5 10 15 20 -100-50 0 50 100
t. (min) Vi V)
d 400 ¢ P
———Pristine FET —— Loop3-UV —— Initial state
Vs =01V ——LooplUV —-=3H.0 180 UV off 2 min
320 —-=1-H0 Loopd-UV _‘5({‘“‘“
—— Loop2-UV 4-H,0 4 3 days
~ 20 2o Loops-UV — 150 3 :“y“
= i 2 g ays
el 5-H,0 2_:; 120
2 2
[=] N =]
8160 £ 50l
80 \ 60 5.0x10° Pa
=~ V=01V
0- T T T T T 30 T r

Vag (V)

120 80 40 0 40 80 120
Vi (V)

Figure 2. Electrical transport changes in the hybrid graphene/poly-BrNpA FET device upon UV irradiation (4 = 365 nm) and the subsequent H,0
adsorption. (a) Schematic illustration of modifying charge carrier doping in graphene/poly-BrNpA FET device under moderate UV irradiation. Its
optical topography is shown in the inset with the scale bar of 100 ym. (b) Dirac point and charge carrier concentration vs £, for the FET device.
The Dirac point at t, = 0 is an estimated value. (c) Electrical transport curves as a function of #, when Vg = 0.1 V. (d) Repeatability of the
electrical transport varying with five loops of UV irradiation and H,O adsorption. (e) Electrical transport stability of the UV-irradiated FET device

in a high-vacuum environment.

(with three emission lines at 365, 448, and 546 nm) and three
semiconductor lasers (473, 532, and 671 nm) were used as light
sources. In specific, the 365 nm mercury line, with its spot size tuned
through an adjustable aperture, was used to make p—n junctions by
local irradiation on the channel. Moreover, the UV beam attenuated
to a low intensity was also used for PL imaging along with other two
lines at 448 and 546 nm. The laser beams were modulated with a
mechanical chopper at 20 Hz. All three lasers were focused
individually on the photodiode for photocurrent (I,) detection,
each with a spot size of ~8.0 ym. The electronic/optoelectronic
properties of graphene-based FET devices and p—n junction
photodiodes were measured in a flowing nitrogen or other specified
atmosphere in combination with Keithley 6430 and 2400 instruments.
Water molecules were brought to the poly-BrNpA surface via a
flowing humid nitrogen (71% humidity). Light intensity was
measured with an optical power meter (Thorlabs PM 100D).

Optical Characterization. The absorption spectra were meas-
ured by Rl angle-resolved spectroscopy system equipped with
halogen and deuterium light sources (Shanghai Ideaoptics Technol-
ogy Co., Ltd, China). A confocal micro-Raman/fluorescence
spectroscopy (Horiba Jobin Yvon LamRAM HR 800) was used to
measure the PL spectrum under the excitation of 325 nm (15X
objective, ~6.0 um spot size) and 532 nm (50X objective, ~1.0 ym
spot size) lasers. A Varian Cary eclipse spectrophotometer was used
to measure the fluorescence/phosphorescence spectrum, and the
phosphorescence was discerned from fluorescence emission using a
gate time of 0.1 ms in photon collection. A PL spectrometer
(Edinburgh instruments FLS1000) was used to measure the PL
spectrum and the decay lifetime at a certain wavelength.

B RESULTS AND DISCUSSION

The poly-BrNpA polymer is a type of noncrystalline room-
temperature phosphor, and its chemical structure is illustrated
in Figure la. Herein, the heavy bromine (Br) atom can
promote a spin—orbit coupling and therefore singlet-to-triplet
(S; = T,) intersystem crossing to attain long lifetime electrons
in the excited triplet state for phosphorescence emission.”* The
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hydrogen (H) bonding in polymer chains can enhance the
phosphorescence intensity, and its breaking when dissolved in
water solvent leads to phosphorescence quenching.”***

When treated with moderate UV irradiation (4 = 365 nm, I
= 1.386 uW um™2), the poly-BrNpA film (360 nm thick)
changes in its optical properties. Figure 1b plots the evolution
of its optical absorption spectrum upon increasing UV
irradiation time t,, wherein a high-quality silica substrate is
used. As shown, the poly-BrNpA film has an absorption peak at
347 nm, coincident with that of noncrystalline powder.”®
When combined with graphene, its optical absorption increases
in the whole wavelength range (230—800 nm). Then, it
weakens at the peak position, while that exceeding 394 nm
goes up after 1 min UV irradiation. Upon increasing t;, the
absorption spectrum has a same variation trend but
strengthened.

Along with the modified optical absorption, the UV-
irradiated poly-BrNpA film changes in its PL emission when
excited by UV—vis light as shown in Figure Ic. Blue color
appears in the UV-irradiated octagonal regions under weak UV
excitation (4 = 365 nm, I = 0.018 W pm™?), sharply standing
out from the surrounding coral background in pristine poly-
BrNpA film. Increasing the excitation wavelength to 448 nm (I
=0.036 W um™2) and then to 546 nm (I = 0.092 yW um™2),
green and red colors show up sequentially in the same
octagonal regions, each forming a sharp color contrast with the
dark background. Notably, the PL images get brightened upon
the increasing t;, from 1 to 10 min under excitation at any of
the three excitation wavelengths.

When excited by a weak 325 nm laser (I = 0.071 W pum™2),
the PL spectral evolution of UV-irradiated poly-BrNpA film is
shown in Figure 1d. For the initial pure poly-BrNpA film, there
exist two major peaks, ie., the fluorescence centered at a
wavelength of 475 nm and phosphorescence at 580 nm (with a
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shoulder peak at 619 nm). This result is consistent with the
poly-BrNpA powder.”® When the phosphor is coated on a
graphene film, the two peaks decrease due to PL quenching.
More specific influence of graphene on the PL characteristics
of poly-BrNpA film are elaborated in the Supporting
Information (Figure S2). For the hybrid structure, the
phosphorescence emission at ~580 nm is inhibited and
fluorescence at ~475 nm enhanced under moderate UV
irradiation. Meanwhile, a few fluorescence peaks, absent in the
initial poly-BrNpA film, show up and get enhanced upon
increasing f,,. We note that a 325 nm laser (I =0.71 yW pum™2),
whose wavelength falls within the absorption band of poly-
BrNpA film, can play a same role in modifying its optical
properties (Figure S3).

When excited then by a 532 nm laser (I = 0.318 yW pum™2),
its PL spectral evolution is shown in Figure le. For pure poly-
BrNpA film, three weak peaks show up at 552, 596, and 639
nm. The pristine poly-BrNpA film has an optical absorption
edge at 400 nm (Figure 1b). When coated on graphene, its PL
intensity decreases to one third of its initial value, and each of
the three peaks has a red shift of ~7 nm. The following
moderate UV irradiation can prominently improve its PL
emission in the whole spectral scope. Specifically, it gets
enhanced from eighteen to thirty-eight times at ~552 nm
when f;, increases from 1 to 10 min. The influence of different
excitation wavelengths on PL spectrum and how to distinguish
between fluorescence and phosphorescence emission are
elaborated in the Supporting Information (Figure S4).

Figure 2 shows the electrical transport evolution of a hybrid
graphene/poly-BrNpA (SS nm thick) FET device under
moderate UV irradiation (4 = 365 nm, I = 1.386 W pm™)
and its stability in different environmental conditions. The
incident UV spot size can be tuned using an adjustable
aperture (Figure 2a). When the channel (180 X 380 um?) is
entirely exposed to UV light, the Dirac point (Vp,.) of
graphene shifts from the initial positive toward negative ones
upon the increasing t,, and then saturates at —120 V (Figure
2b). The Vp,,. varying as a function of ¢, fits an exponential
relationship V. = V; X [e71 4 e71#] 1 V, where V, = 151
V,Vy=—130V, Y, = 3.717 min"}, and 1, = 0.145 min™".

Figure 2c selectively plots the relationship between the
drain-source current (Ipg) and back-gate voltage (Vyg) of the
bipolar graphene/poly-BrNpA FET device that underwent
different UV irradiation times at a fixed drain-source bias (V)
of 0.1 V. The charge density n, calculated from the formula n =
C;Vpirac/ ¢, changes from +1.15 X 10" cm™? (holes) to —4.32 X
10" cm™ (electrons) upon S min UV irradiation, and then
saturates at —8.64 X 10'> cm™ (electrons) after 20 min UV
irradiation with the gate capacitance C, equal to 115 aF pm=>
The low efficient photoinduced charge transfer at the interface
can be attributed to the fact that most of the excited electrons
transit to the low ground state via fluorescence and
phosphorescence emissions as confirmed in Figure 1d. Further,
the photoinduced maximum Fermi energy difference is
calculated to be 0.74 eV from the equation
Eg(n) = —sgn(n)hvg/zlnl, where 7 is the reduced Planck
con3s;ant, and vy is the Fermi velocity equal to 1.0 X 10° m
sh

The UV-irradiated graphene/poly-BrNpA FET device can
restore to its initial p-type doping status within a few seconds
under a flush of humid nitrogen (71% humidity) and then
reconvert into n-type doping under moderate UV irradiation in

nitrogen atmosphere (Figure 2d). The H bonding of poly-
BrNpA polymer breaks up via water molecule adsorption and
facilitates electron transfer from graphene to the phosphor.”®
The UV-irradiation- and water-adsorption-induced opposite
charge doping is reversible and repeatable, accompanied by a
slight fluctuation in the conductivity adjacent to the Dirac
point mainly stemming from some UV-activated photo-
chemical oxidation of the phosphor and some experimental
errors.

The stability of photoinduced charge doping in the hybrid
graphene/poly-BrNpA FET device is studied by measuring its
electrical transport evolution in a high-vacuum condition (5 X
107* Pa) as shown in Figure 2e. The Dirac point of graphene
first shifts positively and then stabilizes at —21 V at least over
seven days. We think the initially unstable Dirac point
originates from trace amount of sensitive molecule adsorption
like vapor unavoidably resided in the vacuum chamber.***’
This viewpoint is supported by its accelerated charge
restoration process in ambient atmosphere (Figure SS).
Besides, significant increase of current from the beginning to
the end of 7 days along with a trend of increasing charge
carrier mobilities can be observed. As confirmed in Figures 2d
and SS, water adsorption can slightly decrease the charge
carrier mobilities. A possible strain release in sample storage
can marginally improve its conductivity but with decreased
charge carrier mobilities.*’ By excluding influence from water
and strain, we think this conductivity change may stem from
charge doping of some unknown contamination in the
chamber.

The intriguing optical characteristics and charge transfer in
the hybrid graphene/poly-BrNpA film can be clarified by the
virtue of the electronic band structure as illustrated in Figure 3.

UV irradiation

Photo-generated electron
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e
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2 2
B2 & 2
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Graphene

Figure 3. Schematic illustration of electron transfer promoted by UV
irradiation and H,O adsorption in hybrid graphene/poly-BrNpA film
by virtue of electronic band structure. UV-IEB, UV irradiation-
induced electronic band; H,O-IDB, H,O vapor induced defect band;
NRT, nonradiative transition, and ISC, intersystem crossing.

We speculate that some quasi-continuous excited states are
introduced in the electronic band gap adjacent to the lowest
unoccupied molecular orbital (S;) under the irradiation of
moderate UV light (4 < 400 nm). These new electronic states
can accommodate electrons excited from ground state or those
released from higher excited states.”” As a consequence, they
can modify the optical absorption and emission characteristics
of poly-BrNpA film, as well as facilitate electron transfer to the
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Figure 4. A UV (4 = 365 nm) written graphene/poly-BrNpA lateral p—n junction photodiode and its response to visible light. (a) Schematic of the
photodiode formed under UV irradiation for visible light detection. (b) Electrical transport curve of the photodiode. (c) Relationship between
drain-source current and bias under different back-gate voltages. (d) Temporal photocurrent dynamics of the photodiode to light pulses at 473,
532, and 671 nm with Vg = Vg = 0 V. (e) Photocurrent and responsivity vs the incident optical power. (f) Photocurrent mapping along the

channel axis under 671 nm laser.

underneath graphene. We attribute the exotic optical and
electronic changes in the poly-BrNpA film to some kind of UV
irradiation-induced irreversible photoisomerization (see the
Supporting Information, Figure $6).2%%

Humid nitrogen flushing can not only lead to electron
transfer from graphene back to UV-irradiated poly-BrNpA but
also quench PL intensity in a way different from that in pristine
poly-BrNpA film (Figure S7). In this process, the water-
adsorption-induced breakup of H bonding can introduce
defect states in the band gap close to the highest occupied
molecular orbital (S,) as illustrated in Figure 3. As a result, it
facilitates reversible electron transfer from graphene back to
the modified poly-BrNpA film.*

The peculiar electronic reversibility makes it feasible to
realize rewritable p—n junction photodiode in the hybrid
graphene/poly-BrNpA FET structure. As schematically illus-
trated in Figure 4a, a lateral p—n junction photodiode can be
made by selectively irradiating UV light (4 = 365 nm, I = 1.386
UW pm™ t, = 7 min) on half of the channel from either end.
A space charge layer (SCL), composed of positively and
negatively charged graphene, forms due to the electron—hole
recombination adjacent to the p—n junction interface. The
photodiode has two typical Dirac points distributed at —73 and
50 V, as shown in its electrical transport curve (Figure 4b).
Hereinto, the less positive Dirac point at 50 V is attained
purposefully by the preirradiation of moderate UV light (t,, =
30 s) on the whole channel. The linear current—voltage curves
under different gate biases (Figure 4c) indicate that graphene
has an ohmic contact with the metal electrodes.

When working in a short-circuit mode under zero gate bias,
the lateral graphene/poly-BrNpA photodiode is responsive to
visible light at the p—n interface, as shown in the curves of
Figure 4d. In specific, it has a photocurrent of 13 nA with the
response time of ~6 ms for all three lasers at 473, 532, and 671
nm each with a fixed incident power of 10 mW. The
photocurrent increases monotonically as a function of the
optical power, and the corresponding photoresponsivity
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decreases with the uncertainty of measurement below 6%
(Figure 4e). The relationship between the photocurrent and
optical power satisfies a power law of I, = C, P’, where C, is a
constant and P is the optical power. For the laser wavelength of
473, 532, and 671 nm, y takes the values of 0.83, 0.85, and
0.87, respectively. The photoresponsivity appears to be
independent of wavelength with a maximum value of 1.94
UA-W™". The SCL, effective for photodetection, has a length of
~40 pm as inferred from the photocurrent mapping to 671 nm
laser along the channel axis (Figure 4f). For the graphene/
poly-BrNpA photodiode, its SCL relies on the electron
concentration in photoinduced n-type graphene. The non-
uniformity of UV spot, whose energy is mostly distributed in
the central area for a Gaussian beam, can incur an increasing
length of SCL.

It should be pointed out that the hybrid graphene/poly-
BrNpA photodiode appears unstable and eventually converts
into a regular FET device with a time elapse in ambient
condition (Figure S8a). Accompanying this change, the
photoresponse of the photodiode decreases and finally
disappears (Figure S8b). More details are described in the
Supporting Information.

When a drain-source bias is applied, either positive or
negative, the hybrid graphene/poly-BrNpA photodiode has a
deteriorated response arising from an increasing noise, even
though the photocurrent may appear monotonically enhanced
(Figure S9). The photocurrent begins to reverse when an
external drain-source bias of +0.2 V is applied, testifying the
existence of a built-in electric field in the p—n junction
photodiode.”" ">’

At zero drain-source bias, the photocurrent of graphene/
poly-BrNpA photodiode relies on the back-gate bias in a way
conforming with the photovoltaic origination (Figure S9).
More specifically, the photoexcited electron—hole pairs are
generated in the SCL, and then drift individually toward
opposite directions in the built-in electric field.

DOI: 10.1021/acsami.9b 14461
ACS Appl. Mater. Interfaces 2019, 11, 43351—43358


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14461/suppl_file/am9b14461_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b14461

ACS Applied Materials & Interfaces

Research Article

The hybrid graphene/poly-BrNpA photodiode can be erased
via water adsorption and exhibits rewritable characteristics
under moderate UV irradiation as shown in Figure S. Upon the
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Figure 5. Repeatability of rewritable graphene/poly-BrNpA photo-
diode. (a) Its electrical transport evolution upon five loops of UV
irradiation and H,0O adsorption, and (b) the corresponding
photocurrent and responsivity to 532 nm laser as a function of the
optical power.

repetitive loops of UV irradiation and water adsorption, the
photodiode appears reproducible with its conductivity margin-
ally fluctuated (Figure Sa). As for its response to visible light,
wherein the 532 nm laser is taken for illustration, the rewritable
photodiode exhibits repeatable photocurrent and responsivity
as a function of the optical power (Figure Sb). The hybrid
graphene/poly-BrNpA FET device slightly degrades under
repeatable UV irradiation in the course of functioning as a
rewritable photodiode, though it does not show any observable
degradation when stored in ambient condition for half a year.
The unstable nature stems from some photoinduced chemical
oxidation of the phosphor because oxygen residues exist
unavoidably in the nonpumped nitrogen flowing chamber.

Under UV irradiation, a pure layer of graphene supported on
SiO,/Si substrates turns into n-doged via photoinduced charge
transfer as previously reported.'>'® The poly-BrNpA phosphor,
coated on graphene, can highly accelerate the photoinduced
charge-transfer process (Figure S10) and provides an efficient
way to revert charge carrier doping by water adsorption. When
no UV irradiation exerts, the poly-BrNpA coating has an ohmic
contact with graphene, since no obvious changes of the Dirac
point and charge carrier mobilities can be observed (Figure
S1la). Extra Raman spectral analyses show that the G and 2D
phonon modes have an average red shift of about 2.5 and 5.6
cm™!, respectively, for graphene covered with the poly-BrNpA
(Figure S11b), confirming that it is the strain instead of charge
doping that exists at their interface in the dark condition.*'

The reproducibility of UV rewritable graphene/poly-BrNpA
photodiode has been verified with more than ten samples. The
thickness of poly-BrNpA phosphor is kept to be ~55 nm with
the reason as follows. For a thick poly-BrNpA layer, besides the
risk that graphene is unable to convert into n-type doping due
to insufficient modification of the phosphor, the increasing
strain and decreasing charge carrier mobilities can degrade the
hybrid device. For a poly-BrNpA film thinner than 55 nm, it is
challenging to make it uniform. More details can be found in
the Supporting Information (Figure S12).

For the lateral graphene/poly-BrNpA photodiode, its low
responsivity can be traced back to the low ozptical absorption of
graphene at visible wavelengths (2.3%).”” Meanwhile, the
utilization of large-area CVD grown graphene film with low
electron/hole mobilities (<700 cm? V7! s7!, see Table S1 in
the Supporting Information) is also responsible for it by the
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way of increasing the scattering of electrons and holes and their
recombination in the transport process. Further, the high-
pressure mercury lamp installed in the optical microscope is
unable to write highly spatially resolved p—n junctions. The
rewritable photodiode can be improved by two routes: one is
to make p—n junctions on high-quality small-area graphene
using a UV laser, especially one with a nanoscale resolution
equipped on a scanning near-field optical microscope, and the
other is to seek more efficient combinations of high-quality
two-dimensional materials and photoisomerization poly-
mers.””*'%'” To implement the idea of rewritable p—n
junction photodiode in real life, isolation of oxygen molecules
can provide a solution to improving the stability of the organic
polymers. A technical scheme is proposed with details
described in the Supporting Information and illustrated in
Figure S13.

B CONCLUSIONS

In summary, we have realized UV rewritable lateral p—n
junction photodiodes in the hybrid graphene/poly-BrNpA
structure. Under moderate UV irradiation, photoisomerization
occurred in the poly-BrNpA film can modify its electronic
band structure by introducing quasicontinuous electronic
states in the band gap. This effect facilitates n-type doping in
the graphene/poly-BrNpA film through photoinduced charge
transfer and realization of lateral p—n junction photodiode
through selective UV irradiation. The hybrid graphene/poly-
BrNpA photodiode, stable in vacuum environment, has a
responsivity of 1.94 yA-W™"' and response time of 6 ms to
visible light. The photodiode can be quickly erased by a humid
nitrogen flush and exhibits UV rewritable characteristics. This
work provides a feasible solution to make rewritable photo-
detectors by combining graphene with photoisomerization
phosphor and an intriguing perspective for developing novel
two-dimensional material-based optoelectronic devices.
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