. | 2D materials
npJ ‘ and applications

ARTICLE

www.nature.com/npj2dmaterials

W) Check for updates

Electrochemically exfoliated phosphorene nanosheet thin films
for wafer-scale near-infrared phototransistor array

Youngseo Jeon'’, Dongjoon Rhee @', Bing Wu?, Vlastimil Mazanek?, In Soo Kim**, Donghee Son**¢, Zdené&k Sofer @? and

Joohoon Kang @®'>**

Two-dimensional (2D) black phosphorus (BP), or phosphorene, has recently emerged as a promising 2D semiconductor because of
its p-type charge transport behavior and near-infrared photoresponsivity. However, the application of BP in practical electronic and
optoelectronic devices is hindered by challenges in producing high-quality BP films over large areas. In this manuscript, we present
a facile solution-based process to create wafer-scale BP films for fabrication of p-channel field-effect transistors that are responsive
to near infrared light. Few-layer BP nanosheets are first exfoliated from the bulk crystal via electrochemical intercalation of cationic
molecules and then vacuum-filtered through an anodic aluminum oxide membrane. The resulting BP film can be transferred onto
an SiO,-coated silicon substrate, thereby allowing for realization of field-effect transistors after electrode deposition and thermal
annealing. The transistor array exhibits spatial uniformity in electrical performance with an average hole mobility of ~0.002 cm? V!
s~ and on/off ratio of 130. Furthermore, gate-induced modulation of the BP channel allows for enhancement in the

photoresponsivity for 1550-nm light illumination up to 24 mA W=, which benefits the application of the phototransistor array for

near infrared imaging.
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INTRODUCTION

Two-dimensional (2D) black phosphorus (BP), or phosphorene, has
received significant attention as a promising 2D semiconducting
material for applications in electronics and optoelectronics'™.
Different from graphene, whose current cannot be effectively
turned off because of its gapless electronic structure®S, BP
possesses an electronic bandgap that allows for fabrication of
field-effect transistors (FETs) with high on/off ratios'~3, and also
exhibits much higher charge carrier mobilities compared to
transition metal dichalcogenides (TMDCs) commonly used as a
semiconducting channel in 2D-material-based FETs”~°. In addition,
BP has a direct bandgap that can be widely tuned over the visible
and near infrared (NIR) spectral ranges, from 0.3 eV in its bulk form
to 2.0 eV for the monolayer'®. The photoresponsivity for the NIR
wavelengths, particularly 1550 nm, opens up opportunities for
telecommunication and eye-safe light detection and ranging
(LIDAR) technologies®'!, which are difficult to be accessed by
TMDCs because they exhibit bandgaps mostly in the visible
regime. Besides the outstanding electrical and optoelectronic
properties, the p-type semiconducting behavior is another
important feature that motivates the use of BP for device
applications. Since the majority of 2D semiconductors are n-type
and BP exhibits a much higher hole mobility compared to other
semiconducting 2D materials'?>, BP can serve as a high-
performance p-type semiconductor to realize complementary
metal oxide semiconductor (CMOS) logic circuits and van der
Waals heterostructures with unique device characteristics'>'4.
Similar to graphene and 2D TMDCs, electronic-grade BP has
been most commonly produced by micromechanical exfoliation
of bulk crystals using Scotch tape, which yields highly crystalline

few-layer BP microflakes that are several micrometers in lateral
size'™. The micromechanically exfoliated BP demonstrated out-
standing electrical performance with a field-effect hole mobility of
~1000 cm? V~" s~ and current on/off ratio of ~10° as well as high
photoresponsivity to the NIR light (eg. ~1000AW~' at
900 nm)"'5. This method, however, is limited for realizing
prototype devices for fundamental studies because of low
exfoliation yield, lack of precision in controlling the layer number,
and limited scalability’™. Alternatively, vapor-phase deposition
techniques'®'® and liquid-phase exfoliation (LPE) processes'®
have been widely investigated for the large-scale synthesis of 2D
BP. Compared to the vapor-phase deposition that often involves
rather complex and extreme growth conditions under
vacuum'®"'8 liquid-phase exfoliation (LPE) serves as a facile
approach to mass produce BP nanosheets'®. In particular,
ultrasonication of BP crystals in organic solvents or deoxygenated
water can break the van der Waals bonds and yield stable
nanosheet dispersions that can be deposited on arbitrary
substrates via solution processing'®~?2. One drawback of the LPE
process, however, is that the lateral size of the resulting
nanosheets scales with their thickness?. Therefore, BP nanosheets
that are responsive to 1550 nm light (3-5 layers) are small (<
200 nm)'%2%24 which poses challenges in creating continuous
films with thicknesses thin enough to be fully depleted or
accumulated under gate bias?®. Furthermore, the charge transport
within the film is substantially impeded because (1) inter-sheet
junction resistances are significantly high since the nanosheets are
mainly connected by edge-to-edge contacts and (2) the
nanosheets are not closely aligned along the substrate®,
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Fig. 1 Side-by-side comparison between tip-sonicated and electrochemically exfoliated BP nanosheets. a, b Schematic illustration of the
two exfoliation methods. ¢ Photographs of the BP crystal before and after electrochemically driven molecular intercalation. d, e AFM images
of the tip-sonicated BP (T-BP) and electrochemically exfoliated BP (E-BP) nanosheets. Photographs of the dispersions are also provided as
insets. f Nanosheet thickness and g lateral size histogram of T-BP. h Nanosheet thickness and i lateral size histogram of E-BP. j Raman spectrum

of E-BP. k Photoluminescence spectra of T-BP and E-BP.

With the recent development of electrochemically driven
exfoliation strategy?’~2°, the production of 2D nanosheet disper-
sions with improved nanosheet morphology has been possible.
This method has been established for various 2D materials such as
graphene and TMDCs as well as BP3°3', During the process,
cationic molecules in the electrolyte intercalate into the BP crystal
at the cathode and break van der Waals forces with minimal
damage to the nanosheets, thereby producing few-layer BP
nanosheets with much larger lateral sizes (hundreds of nan-
ometers to over a micron) and a narrow thickness distribution. The
resulting nanosheets exhibited a p-type behavior in FETs and
achieved higher filed-effect hole mobility and on/off ratio (195
cm? V71 571 and 1.7 x 10%3° compared to the liquid-phase-
exfoliated counterparts (259 cm? V-' s=' and 1.6 x 10%?', and
showed an excellent NIR photoresponsivity of 41 mAW™! at
1550 nm3'. Although the electrochemical exfoliation strategy
enhanced properties of the solution-based BP nanosheets, the
application of the process for scalable device fabrication is still in
its infancy because the previously reported FETs and photo-
detectors were demonstrated only at the single nanosheet
level?>3!, Assembling the nanosheets into a continuous thin film
will allow for the fabrication of devices over large areas, but
achieving high electrical conductivity and photoresponsivity along
with the gate tunability remains challenging because creating
uniform, nanometer-scale thin films with small inter-sheet junction
resistances is not trivial®®.

Here, we report a facile route to produce wafer-scale p-type 2D
semiconductor films with NIR photoresponsivity based on the
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solution-processed network of BP nanosheets. Dispersions of BP
nanosheets that were predominantly 3-5 layers were first formed
by electrochemical exfoliation of the bulk crystal using molecular
intercalants. Vacuum-assisted filtration of the nanosheet disper-
sion through an anodic aluminum oxide (AAO) membrane created
a uniform thin film of BP, which was transferred onto an SiO,-
coated silicon substrate and deposited with electrodes to realize
an array of FETs. By introducing a thermal annealing process, we
could improve the contact between the electrode and BP and
between BP nanosheets within the film via removal of phosphorus
oxide and residual solvents, which enhanced the conductivity as
well as gate tunability to achieve an average hole mobility of
~0.002 cm? V= s7! and on/off ratio of 130. The gate-induced
modulation of the BP channel from the fully off to fully on state
allowed for the photoresponsivity to be enhanced by more than
an order of magnitude, with the highest value of 24 mAW~" for
1550-nm light illumination. Taking the advantage of the spatial
uniformity in optoelectronic characteristics, the BP phototransistor
array could be used for near-infrared imaging.

RESULTS
Structural and spectral characteristics of BP nanosheets

Figure 1a, b compares the conventional liquid-phase exfoliation
(LPE) and our electrochemical exfoliation strategies used to obtain
BP nanosheets. The liquid-phase-exfoliated nanosheets were
produced by applying tip sonication to the bulk BP crystal in
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anhydrous N,N-dimethylformamide (DMF) (Fig. 1a). During the
sonication process, collapse of cavitation bubbles generated shock
waves and microjets, which broke the van der Waals forces to
exfoliate the crystal into nanosheets and also caused considerable
fragmentation of the nanosheets®*33, We denoted these
nanosheets as tip-sonicated BP nanosheets (T-BP) for conciseness.
Different from the case of LPE, the electrochemical exfoliation
strategy was based on electrochemical potential-driven intercala-
tion of tetrabutylammonium ions (TBA™) in between the BP layers
(Fig. 1b). The molecular intercalants effectively increased the inter-
layer spacing, which was evidenced by the expansion of the BP
crystal after the electrochemical intercalation (Fig. 1¢). Because the
inter-layer van der Waals forces were weakened by the presence
of intercalants®®, the crystal could be exfoliated into nanosheets
(E-BP) only after a mild sonication in poly(vinylpyrrolidone) (PVP)
solution in DMF without significant nanosheet fragmentation.
After the exfoliation, the as-prepared T-BP and E-BP dispersions
were sequentially centrifuged at different rotational speeds to
enrich well-exfoliated nanosheets having desired thicknesses
(“Methods” and Supplementary Fig. 1). The first dispersions were
produced by collecting the supernatant after centrifugation at
4590 X g (denoted as 4590 x g dispersion). The second batches
were then prepared by re-dispersing the sediments in DMF,
centrifuging the dispersion at 2340 x g, and acquiring the
supernatant (denoted as 2340 x g dispersion). Lastly, precipitates
from the second centrifugation process were re-dispersed in DMF
and then centrifuged at 840 x g. The resulting supernatant was
used as the third dispersions (denoted as 840 x g dispersion). After
the centrifugation, nanosheets were rinsed with isopropyl alcohol
(IPA) to remove PVP and DMF residues and finally re-dispersed in
IPA. To minimize oxidation of BP, all the processes were performed
using anhydrous solvents and in a nitrogen atmosphere.

To confirm the merit of the electrochemical exfoliation process
to obtain 3-5 layered BP nanosheets that are responsive to 1550-
nm light illumination, we compared the morphology of T-BP and
E-BP nanosheets based on the atomic force microscopy (AFM).
Figure 1d, e shows AFM images of the nanosheets that were cast
on a SiO,-coated silicon substrate using the 2340 x g dispersions.
Compared to the case of T-BP (Fig. 1d), E-BP nanosheets showed
much larger lateral sizes and smaller thicknesses (Fig. 1e). Based
on the statistical analysis of the nanosheet dimensions, we
confirmed that T-BP exhibited a broad distribution of thickness
from a few nm to tens of nm (Fig. 1f), which suggests that the
nanosheet assembly would show limited photoresponsivity under
1550-nm light excitation because of a broad distribution of
bandgap. In addition, the lateral size of T-BP was only several
hundreds of nanometers with an average value of 290 nm (Fig. 1g)
and hence the nanosheets were not suitable for the formation of
high-quality BP thin films. In contrast, E-BP showed a much
narrower thickness distribution ranging from 2 to 12 nm (Fig. 1h).
Significantly, the dispersion was predominantly composed of 3-6
nm-thick nanosheets, which corresponded to 3-5 layered BP
considering that the reported thickness of the monolayer BP from
the AFM measurement is ~1.5 nm3*. The lateral size of the E-BP
was also much larger than that of T-BP with an average value of
830 nm (Fig. 1i). This large lateral size combined with the narrow
thickness distribution highlights the advantage of using E-BP for
producing large-area, high-quality semiconducting thin films for
device applications.

E-BP nanosheets were further characterized with transmission
electron microscopy (TEM) to confirm that the crystallinity of BP
was maintained after the electrochemical exfoliation (Supplemen-
tary Fig. 2a). The high-resolution TEM image (Supplementary Fig.
2b) and selected area electron diffraction pattern (Supplementary
Fig. 2c) clearly showed the crystal structure expected for BP
nanosheets that were exfoliated along the [010] direction®>. The
crystalline nature of E-BP was also corroborated by the Raman
spectrum, in which three characteristic peaks corresponding to BP
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phonon modes were present (Fig. 1j): A;, Byg, and A; peaks were

located at 357 cm~, 436 cm~', and 466 cm~', respectively>S.

We then compared the photoluminescence (PL) spectra of T-BP
and E-BP to investigate the effect of the exfoliation process on the
luminescence properties of the resulting nanosheets. Figure 1k
shows PL spectra of the nanosheet films on anodic aluminum
oxide (AAO) membranes that were formed with 2340 x g
dispersions (“Methods”), where the sharp peak at 1064 nm
corresponds to 1064-nm component from the 532nm laser
source®”. As expected from the AFM thickness measurement
(Fig. 1h), E-BP exhibited a broad peak at ~1470 nm that spanned
from 1300 to 1600 nm, which can be attributed to the light
emission from 3-5 layered BP nanosheets'%?*. In contrast, T-BP
did not show PL signal in the tested NIR region (up to 1700 nm)
because the number of layers in the nanosheets was much larger
and thus their bandgap was smaller than 0.73 eV (emission at
wavelengths larger than 1700 nm). We also characterized the
morphology and PL properties of BP nanosheets that were
obtained from two other centrifugation processes (840 x g and
4590 X g). Interestingly, E-BP dominantly consisted of 3-6 nm-
thick nanosheets for both 840 x g and 4590 x g cases and
therefore exhibited a broad PL peak at ~1470 nm ranging from
1300 to 1600 nm similar to the case of 2340 x g centrifugation
(Supplementary Fig. 3). On the other hand, T-BP did not exhibit PL
signals in the 1300-1600 nm spectral range. For the case of 840 x
g dispersion, the thickness of nanosheets ranged from tens of nm
to hundreds of nm and thus PL emission was not observed for the
tested NIR wavelengths. Although the film prepared with 4590 x g
dispersion showed a weak PL peak at ~900 nm that originated
from BP nanosheets with thicknesses of several nm, there was no
PL emission in the 1300-1600 nm spectral region.

Field-effect transistors from E-BP nanosheet films

The uniformity in thickness and large lateral size of E-BP
nanosheets allowed for the formation of semiconducting thin
films that are continuous over large areas (Fig. 2). In particular,
E-BP nanosheets could self-assemble into a uniform BP thin film
when the dispersion was vacuum-filtered through the AAO
membrane (“Methods”). The resulting film could then be
transferred onto a heavily doped silicon (p™") substrate coated
with a 300-nm SiO, dielectric layer for device fabrication. Figure 2a
shows the BP film transferred on the SiO,/Si substrate, which was
formed with the supernatant from a single centrifugation step at
840 X g. Source and drain electrodes (channel length: 20 pm) were
created by depositing gold (50 nm) through a shadow mask
without defining the channel areas via photolithography to
minimize the oxidation of BP. The resulting back-gate field-effect
transistors were then annealed at 320 °C for 30 min to completely
evaporate residual solvents and to improve the contact between
the BP film and electrodes, after which the thickness of the BP film
became ~20nm (Fig. 2b). We confirmed that the film still
exhibited characteristic Raman peaks and PL emission over
1300-1600 nm wavelengths, which indicates that the thermal
annealing did not degrade BP (Fig. 2¢, d).

The electrical properties of the BP film were drastically
different before and after annealing. In particular, the as-
prepared BP field-effect transistor was characterized by a super-
linear current-voltage behavior under zero gate voltage (Vg),
which can be attributed to the Schottky barrier formed at the
electrode/BP contact'3%3°, |n addition, we observed that the
device exhibited substantially low current levels: for example,
the drain current (Ip) was only ~3 pA when the applied drain
voltage (Vp) was 1V (Fig. 2e). We believe that such a low current
most likely resulted from the thin layers of phosphorus oxide
formed on the surface of BP nanosheets (Supplementary Fig.
4a), which could function as tunneling barriers between the
electrode and BP and between BP nanosheets within the
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Fig. 2 Effect of annealing process on the electrical properties of the BP transistor. a Photograph of the BP transistor array. Zoomed-in
optical microscope image shows a single device. AFM image at the boundary between the annealed BP thin film and bare substrate regions.
The film thickness is about 20 nm. ¢ Raman spectrum of the BP thin film after annealing. d Photoluminescence spectrum of the annealed BP
thin film. Spectral region with wavelengths shorter than 1350 nm was filtered to remove signals from the SiO,/Si substrate. e, f Output and
transfer curves of the BP transistor before annealing. g, h Output and transfer curves of the BP transistor after annealing. i, j Transfer curves (Vp
= 1V) and output curves (Vg = 0V) at different temperatures from 210K to 300 K. k Temperature-dependent conductivities of the BP film

determined from the ungated device (Vp = 1V).

film*®41, The device also showed a significant gate leakage
current during the gate voltage (V) sweep from 80V to —80V
(Vb=1V) and hence the measured drain current mostly
resulted from the gate leakage (Fig. 2f). Even when a high
drain bias was applied (Vp=10V), during which the drain
current was sufficiently higher compared to the leakage
current, the drain current was nearly constant over the tested
gate voltage range because gate modulation of the BP channel
was not possible (Supplementary Fig. 5). When the device was
annealed at 320 °C, we noted that the phosphorus oxide was
removed from the film (Supplementary Fig. 4b) because the
temperature was above its sublimation temperature®?. As a
result, the device exhibited a linear current-voltage behavior
for the small drain biases (Vp from —1V to 1V) (Fig. 2g), which
indicates that the electrode and BP channel formed a low-
resistance ohmic-like contact with a minor Schottky barrier'3°,
The current level was also significantly enhanced after anneal-
ing because the contact between BP nanosheets was improved
after the removal of phosphorous oxide and residual solvents.
Notably, we observed the expected p-type charge transport
behavior in the transfer curve with the drain current effectively
modulated by the gate bias (Fig. 2h) as well as a clear current
saturation behavior in the output characteristics (Supplemen-
tary Fig. 6). The transistor array showed a spatial uniformity in
device performance with the average hole mobility of ~0.002
cm? V= s1 and current on/off ratio of ~130 (Supplementary
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Fig. 7). We noted that the hole mobility was much lower
compared to those of the previously reported BP transistors
based on a single microflake (60—1000 cm? V!
s 1)1-43031:39.43-45 " \which is most likely because (1) junction
between the nanosheets can act as a barrier to the charge
transport and (2) current paths within the BP nanosheet
network would be much more complex compared to the case
of single flake since preferred charge transport directions are
different for each of the nanosheets because of their random
orientations?®*®4”. However, our strategy offers a distinct
advantage in high-throughput fabrication of BP transistor
arrays since the BP film is continuous over wafer scale areas
and hence multistep fabrication processes based on electron-
beam lithography or photolithography are not needed.

To reveal the dominant charge transport mechanism within the
BP channel, we analyzed the current-voltage characteristics
measured at different temperatures. We focused our analysis only
on the annealed device because the as-prepared counterpart
exhibited significant gate leakage currents that resulted in
unreliable data. Figure 2i, j shows the transfer and output curves
of the annealed BP transistor under Vp=1V for a range of
temperatures from 210K to 300 K. As expected for a typical 2D
semiconductor device*®=>2, the current level increased when the
temperature became higher. From the output characteristics of
the device at Vp=1V, the electrical conductivities (o) were
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Fig.3 Optoelectronic characteristics of the BP phototransistor under 1550 nm light source. a Photocurrent and b photoresponsivity under
different power densities under zero gate bias condition. ¢ Time-resolved photoresponse measured with P = 2.34mW cm~2and Vp = 1V. The
1550 nm light source was repeatedly turned on and off for 3 s and 7 s, respectively. d Photocurrent and e photoresponsivity under different
power densities for different gate voltages (Vp = 1V). f Power-dependence of photocurrents and photoresponsivities for different gate

voltages (Vp = 1V).

determined based on the following equation (Fig. 2k):

o L Ip
T wtVp

where L is the channel length, W is the channel width, and t is the
thickness of the BP channel®. The electrical conductivity of the 2D
semiconductor nanosheet network typically shows a characteristic
temperature dependence:

o(T) = ggexp [f <%) p} (2)

where Ty is the characteristic temperature, 0y is the conductivity
when the T approaches infinity, and p is an exponent that
corresponds to a specific type of hopping mechanism>3>4, By
plotting the conductivity as a function of inverse temperature and
fitting the data to Eq. 2, we determined that the p value was 1.
This result indicates that the dominant charge transport mechan-
ism in our annealed BP film was nearest-neighbor hopping (NNH),
during which charge carriers hop from flake to flake via spatially
nearest available sites.

m

Optoelectronic response of E-BP transistors

Benefiting from the optical response of the BP film in the NIR
spectral range, we could fabricate photodetectors that can detect
1550-nm light (Fig. 3). Figure 3a shows photocurrents measured
by the BP photodetector under different optical power densities
(P) without a gate bias, where the photocurrent (/) was
determined from the difference between the currents under dark
(lgar) and illumination (igny) conditions (lon = light = Idark). As
expected, the photocurrent level became higher as the optical
power density increased: for example, I, at Vp = 10V increased
from 0.4 to 10 nA when P increased from 0.39 to 11.33 mW cm—2
We further investigated the characteristics of the BP phototran-
sistor based on the photoresponsivity (R), which was determined
by dividing the photocurrent by the optical power density times
the effective illuminated area (S) (R = Ion/PS). Overall, the device
exhibited high NIR response with R>1mAW~" for all tested
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optical power densities when Vp>2V (Fig. 3b). Besides the
steady-state optoelectronic properties, the temporal response of
the device was also evaluated by measuring the drain current
while the light illumination repeatedly turned on and off (Fig. 3c).
The drain voltage and optical power density were fixed at Vp =1V
and P = 2.34 mW cm 2, respectively. The device was characterized
by an excellent response speed with the average rise and decay
times of 5.1 ms and 6.8 ms, which were comparable to those of the
previously reported BP photodetectors based on single micro-
flakes'>>>°6, The gate-induced modulation of the electronic
properties of our BP film allows for further tuning of the
photoresponsivity (Fig. 3d, e). We noted that the BP photo-
transistor could generate positive photocurrents for all gate
voltages we tested (—80V < Vg <80YV), with higher photocurrent
levels for the on state of the BP channel (Fig. 3d). In particular, we
achieved more than an order of magnitude tuning of the
photoresponsivity from 0.86 mAW~" to 24 mAW~" by switching
the transistor from the fully off (Vg = 80V) to fully on state (Vg =
—80V) under 0.39 mW cm~2 illumination at Vp, = 1V (Fig. 3e). By
plotting I, and R as a function of P (Fig. 3f), we found that the
power exponent (a) for the photoresponsivity—power density
relation (R o P°~") was smaller than 1 at all gate voltages. This
behavior indicates that photogating effect was present during the
device operation®’, which is mostly likely because of trapping of
electrons in the trap sites within the nanosheet network or at the
BP/SiO, interface.

Gate-tunable E-BP photodetector arrays

The scalability of our electrochemical exfoliation and re-assembly
strategy enables deterministic fabrication of BP phototransistor
arrays for NIR light detection by simply depositing electrodes
through a shadow mask without the alignment procedure (Fig. 4).
Figure 4a, b shows the average /o, and R of a 7 x 7 device array
under 1550-nm light illumination at P = 6.84mWcm~2 for
different gate voltages (Vo = 1V). Because of the spatial
uniformity of the BP film, the gate-voltage-dependence of Iy,
and R was consistent across all the constituent devices.
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Accordingly, the average I, and R values continuously changed
from 0.28 nA and 0.31 mA W~ at the fully-off state (V5 = 80V) to
1.98 nA and 23mAW™" at the fully-on state (Vg = —80V). To
demonstrate the applicability of our BP phototransistor array for
an image sensor, we also conducted spatial mapping of the
photocurrent when the array was exposed to letter-shaped light
illumination (“1”, “5”, “5”, and “0"). Figure 4c-e displays the
photocurrent mapping under Vg =80V, 0V, and —80 V presented
at the same photocurrent scale, where the letter patterns were
clearly distinguished. As expected from the relation between the
average photocurrent and gate voltage, the brightness of the
images could be drastically modulated by gate voltage: the
images were brightest for the Vg = —80V case while they were
darkest when Vg = 80V. This gate tunability in the imaging
capability further highlights the benefit of the electrochemical
exfoliation strategy in producing high-quality semiconducting BP
thin films.

The performance and scalability of our BP devices compare
favorably with those of other NIR detectors based on 2D materials
synthesized by different methods (Supplementary Table 1)°8-54,
Most of the previous reports are based on a single microflake,
which only allows for the fabrication of a single or few devices and
cannot be scaled up to realize large-scale photodetector arrays.
Although our system achieved a lower photoresponsivity com-
pared to many of the single 2D microflake-based devices, the
performance is still significant considering that the carrier
transport across the BP nanosheet network is more difficult
compared to the case for a single flake because of the anisotropic
electrical properties of constituent BP nanosheets. Moreover, our
strategy is highly scalable and offers gate tunability to further
engineer the photoresponsivity.
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Image sensing with the BP phototransistor array. a Average photocurrents and b photoresponsivities of the 7 x 7 array of
phototransistors at different gate voltages. Error bars represent the standard deviation from 17-19 measurements. c—e Photocurrent mapping of
a BP phototransistor array under 1550 nm light illumination (P = 6.84 mW cm2) at Vs = 80V, 0V, —80 V. The drain voltage was fixed at Vp = 1V.

DISCUSSION

In summary, we demonstrated uniform gate-tunable BP films
based on the electrochemical exfoliation of the bulk crystal and
solution-based deposition process. Field-effect transistor arrays
with p-type charge transport behavior and photoresponsivity to
1550-nm light could be realized over large areas, which was not
possible with conventional liquid-phase exfoliated BP. The
optoelectronic properties of the BP film could be effectively
modulated by gate voltage, thereby offering flexibility in
controlling the photoresponsivity of the array for near infrared
imaging. Further enhancement in device performance will be
possible by improving the lateral size of nanosheets and their
stacking in the thin film network via optimization of the
electrochemical exfoliation and solution-based deposition pro-
cesses. We believe that our strategy will open a new route for
fabricating devices for telecommunication and LIDAR applications
as well as for realizing van der Waals heterostructures with unique
electronic/optoelectronic characteristics.

METHODS
BP crystal growth

BP crystal was synthesized using a vapor-phase growth method
reported in our previous work®®. Red phosphorus (2 g, 99.999%,
Sigma-Aldrich, Czech Republic) was mixed with 120 mg of Sn and
60 mg of Snl, in a quartz glass ampoule (25 mm in inner diameter,
120 mm in length) and melt-sealed under high vacuum (1 x 103
Pa). The ampoule was placed horizontally in a muffle furnace and
heated to 650°C over the course of 8h, then cooled down to
400 °C over 50 h and finally to room temperature over 25 h. The
ampoule was opened in an Ar-filled glovebox, and the product
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was washed with DMF and carbon disulfide several times and
finally dried inside glovebox. Snls was produced in chloroform by
a direct reaction between Sn (99.999%, Sigma-Aldrich, Czech
Republic) and iodine (99.999%, Sigma-Aldrich, Czech Republic),
which was purified via recrystallization from chloroform.

Solution processing

For liquid-phase exfoliation using a tip sonicator, a BP crystal was
loaded into a conical tube filled with anhydrous N,N-dimethylfor-
mamide (DMF). The sonicator tip was put inside the tube through
a small hole perforated on the lid and then sealed with Parafilm in
the glove box. The BP crystal was exfoliated by applying
sonication at 40 W for an hour in an ice bath. For electrochemical
exfoliation, we constructed a two-electrode cell by clipping the BP
crystal at the cathode and placing the carbon electrode at the
anode. Tetrabutylammonium bisulfate (Sigma-Aldrich) solution in
anhydrous acetonitrile (concentration: 0.1 M) was used as an
electrolyte. We applied a direct current under 8V for 1h to
promote intercalation of molecules in between BP layers, while
the whole cell was placed in a glove box to proceed the reaction
in a nitrogen atmosphere. After the intercalation, the expanded BP
crystal was bath sonicated in a poly(vinylpyrrolidone) (PVP) in
anhydrous DMF (concentration: 22 mg/mL) for 30 min to exfoliate
the BP nanosheets.

For nanosheet sorting, the as-exfoliated T-BP and E-BP
dispersions were first centrifuged at 4590 x g and then the
supernatant was used as the first dispersions. After re-dispersing
the precipitates in DMF, we proceeded with another centrifuga-
tion at 2340 x g and collected the supernatant to produce the
second dispersions. Similarly, the sediments from the second
centrifugation process were redispersed in DMF and then
centrifuged at 840 x g, after which the supernatant was obtained
for creating the third dispersions. After sorting, PVP and DMF
residues were rinsed by centrifuging the dispersions at 13480 x g
and re-dispersing the nanosheets in anhydrous isopropyl alcohol
(IPA) for three times.

BP thin-film formation and phototransistor array fabrication

For thin film formation, BP nanosheets from a single centrifuga-
tion step at 840 x g were collected by vacuum-assisted filtration
on the anodized aluminum oxide (AAO) membrane with 25 nm
pore size (Whatman Anodisc). The resulting BP thin film was
transferred onto a heavily doped (p**) silicon substrate coated
with a 300-nm SiO, layer after etching the AAO membrane with
phosphoric acid (20 wt%) for 6 h in N, atmosphere. Then, residual
water was removed from the BP film by drying the sample in the
vacuum chamber. To fabricate phototransistor array, we deposited
50 nm of gold using a thermal evaporator through a shadow mask
with a channel length of 20 pm.

Materials characterization

The morphology of BP nanosheets was characterized using an
atomic force microscope (Park Systems NX10). Raman and
photoluminescence spectra were obtained by using a Alpho300R
spectrometer (WITec) equipped with a 532-nm laser source. The
power of 2mW cm~2 was used. The chemical compositions of the
samples were determined by X-ray photoelectron spectroscopy
(XPS) using a monochromatic Al X-ray radiation source (K,
=1486.7 eV) (Omicron Nanotechnology Ltd, Germany).

Device characterization

The electrical properties were measured using Keithley SCS-4200
system under vacuum (~7 x 107> Torr) at room temperature. The
temperature-dependent current-voltage characteristics were
obtained using liquid nitrogen under vacuum. The photore-
sponses were measured using laser diodes (MLL-III-250L, 520L,
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7
785L, 1060L, 1550L, BM LASER) as monochromatic light sources.
For structured light illumination, letter-patterned shadow masks

were used. Photocurrents measured on each device in the array
were used to construct pixels.
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