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Conformal Integration of an Inkjet-Printed PbS QDs-
Graphene IR Photodetector on a Polymer Optical Fiber

Gokhan Kara, Sami Bolat, Khushdeep Sharma, Matthias J. Grotevent, Dmitry N. Dirin,
Dominik Bachmann, Roman Furrer, Luciano F. Boesel, Yaroslav E. Romanyuk,
René M. Rossi, Maksym V. Kovalenko, Michel Calame, and Ivan Shorubalko*

Hybrid graphene-colloidal PbS quantum dots (QDs) phototransistors are
promising to overcome the geometrical restrictions of photodetectors to

flat substrates. While compatible with conformal manufacturing, the experi-
mental demonstration of their application to curved surfaces remains elusive.
This work demonstrates the seamless integration of an infrared (IR) photo-
detector to a polymer optical fiber (POF) by wrapping graphene around the POF
of 1 mm in diameter and, subsequently, inkjet printing of PbS QDs onto the
curved surface. The device acts as a functional coating and detects infrared
light propagating through the POF without interrupting the waveguide. The
formulated o-terpineol and hexane co-solvent ink supports drop-on-demand
placement with a resolution of 50 um and is colloidally stable over 7 months.
A responsivity map over gate voltage and temperature (300 to 80 K) of a
device, fabricated on a common flat substrate, reveals a responsivity of R = 1 x
10°AW" (irradiance =1 uW cm~?) and a detectivity of D* = 1 x 10" Jones at
1.6 um wavelength. This work brings the integration of this cost-effective and
adaptable hybrid detector approach closer to multifunctional e-textiles and
will, notably, help to improve the interfacing of the skin as desired for wear-

able and non-invasive healthcare applications.

1. Introduction

Wearable electronics is drawing considerable attention to health-
care applications for monitoring vital signs and beyond.!3l

Near (NIR) to shortwave (SWIR) infrared
optical imaging, in particular, is used to
assess the oxygen arterial saturation by
quantifying the ratio of oxyhemoglobin to
deoxyhemoglobin. The benefit of reduced
tissue absorption in this spectral range
(biological window: 700-1400 nm)™ ena-
bles non-invasive direct probing.*! First,
flexible but flat detector concepts reveal
the potential of an improved adaption to
the skin and are based on organicl® or
hybrid graphene-colloidal PbS quantum
dots (QDs)"! materials. E-textiles based on
smart fibers further improve interfacing
the skin by reducing the structure dimen-
sion (from 2D flat substrate to 1D fibers)!®!
and demonstrate their potential for energy
harvesting and storage, light emission, as
well as sensing applications.*14
Optimally, an e-textile allows for the inte-
gration of a diverse set of functionalities
to, for instance, assess different vital signs
as predictors of the overall health status of
an individual. This requires the integra-
tion of multiple functions to a single fiber and poses a distinct
need for new technological approaches. Methods to integrate IR
detectors locally and on curved surfaces are, thus, highly desired.
The combination of low-dimensional nanomaterials, such as
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graphene and colloidal QDs, with inkjet printing is recognized
as a promising route for conformal manufacturing.’>® Solu-
tion processable colloidal QDs are, however, commonly depos-
ited by spin coating, dip coating, or drop-casting. These methods
are not suited for spatially well-defined sensitization or deposi-
tion on 3D-curved objects. Inkjet printing, as an alternative,
benefits from drop-on-demand placement. The ink formulation
is challenging and goes well beyond tuning rheological proper-
ties for stable droplet formation. To promote this technology to
practical applications, long-term colloidal stability of the QDs,
as well as tackling ink substrate interactions is essential. Inter-
esting demonstrators of printed infrared photodetectors based on
HgTe and PbS QDs have been shown in the literature by inkjet
printing®22l or electrohydrodynamic nanoprinting (EHD),2*-2%
but are generally restricted to flat substrates. With EHD printing,
small feature sizes of = 1 um can be achieved at the cost of
printing speed (=um s).123l Thus, conventional inkjet printing is
preferred in this case despite the lower resolution. Although there
are first curved photovoltaic detectors based HgTe QDs reported
in the literature,?® they are fabricated on flat substrates initially,
and the precise placement of QDs films remains still open. One
challenge to realize printing on curved objects lies in adequate
droplet pinning and depends on droplet-substrate interaction.
It is determined by surface tension and, in addition, the shape
and motion evolution of the drops along the incline.””28l The
interplay governs the wetting and dewetting of the surface and
is responsible for the deposition of active material on the curved
surface. Furthermore, graphene, which is known as one of the
most flexible materials, can be integrated on curved surfaces for
transparent conductive layers, for example, in lenses.?*3% This
often requires an elaborate processing scheme and specific sup-
porting structures limiting the substrate choice.

Here, we demonstrate technology for the fabrication of
hybrid graphene-PbS QDs IR phototransistors on a curved sur-
face by inkjet printing. First, we examined the printing of PbS
QDs with neat hexane versus a formulated co-solvent ink com-
posed of an orterpineol and hexane mixture. The latter combi-
nation allows stable drop-on-demand pattern printing with well-
resolved features of 50 wm. Moreover, the ink retained colloidal
integrity for at least 7 months. The photoresponse in hybrid
graphene-PbS QDs detectors was first tested on devices fabri-
cated on common flat substrates (p-Si/oxide). The responsivity
maps over gate voltage and temperature (300-80 K) confirmed
a photosignal sign change, previously reported for this device
architecture.” Then, the hybrid photodetector was seamlessly
integrated to a polymer optical fiber (POF) as a first step toward
smart textiles. Graphene was wrapped around a POF of 1 mm
in diameter, followed by inkjet printing of PbS QDs on the
curved surface. This functional coating detects coupled light
into the POF without interrupting the light path. Integrating
such smart fibers into e-textiles can potentially improve non-
invasive IR probing for healthcare applications tremendously.

2. Results and Discussion
2.1. Colloidal PbS QDs Ink Formulation

Drop-on-demand inkjet printing requires the ejection of
a single drop after each applied piezoelectric pulse. The
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formation of satellites (tiny droplets following the main drop)
should be suppressed to achieve well-defined printing pat-
terns. In addition, the ink needs to preserve colloidal stability
to avoid aggregation of QDs that clogs the printing nozzle even-
tually.3132 Commonly, as synthesized PbS QDs are dispersed
in apolar solvents such as hexane, proven to offer colloidal sta-
bility.3334 Such QDs possess aliphatic ligands on their surfaces
to ensure solubility in apolar solvents, which at the same time
hinder the electrical charge transport in fabricated solid-state
films. Therefore, the native ligands are typically exchanged by a
solid-state ligand exchange with small organic molecules, ions,
or inorganic complexes to improve the electronic coupling.*’!
Dithiols, in particular, are additionally cross-linking the QDs.
This makes the film more robust against subsequent solvent
treatment and is beneficial for device fabrication such as layer-
by-layer deposition reaching thicker QD films.3¢

Certainly, printing PbS QDs from its well-established solvent
hexane would be preferable for handling; however, hexane is a
highlyvolatile (low boiling point of 69 °C) and low viscosity (0.3 cP)
solvent. Both factors limit its utility for printing, seen as poor
drop formation and fast clogging of the printing nozzle.?s
A continuous stream of drops, typically with detrimental sat-
ellite droplets, is achieved only briefly by tuning the printing
parameters to the limit (applying a high voltage to the nozzle).
Hence, printing reproducibly isolated patterns cannot be
readily accomplished, but rather continuous QD films with low
resolution. Experimentally, we find an improved droplet pin-
ning on HfO, rather than SiO, oxide substrates, which leads to
slightly higher-resolved features (Figure S1, Supporting Infor-
mation). The optical bright-field microscopy image in Figure 1a
shows such a printed PbS QDs film on HfO,. The printing
pitch of p = 30 pm can be deduced from the spacing between
two printed lines. The edge-radius r of the square is about the
same as p. The film thickness increases toward the center up to
a distance of two times p from the edge. It is worth noting that
an isolated pinned single drop dries faster than a larger film
pattern’s volume. This slower drying of a low viscous solvent
steadily increases the spatial QDs concentration and favors a
denser packing of the film.3>3738 The result is a smoother film
morphology having a low root mean square surface roughness
R, of 5 nm (Figure 1b).

To improve the printing resolution and achieve stable drop-
on-demand printing, we followed an approach demonstrated for
Au nanoparticles by adding o~terpineol32 that has an increased
boiling point (217 °C) as well as viscosity (38 cP), to hexane.
For a mole-ratio content from 30 up to 90% of o-terpineol, this
co-solvent lies in the introduced jettability window defined by
the Ca (capillary number) - We (Weber number) space.[*?l The
proposed window accounts for inertial and viscous forces, as
well as surface tension, governing a stable drop formation. For
a colloidally stable ink, though, a high hexane content is to be
preferred. Indeed, with a mole-ratio of 60% hexane to 40%
arterpineol and a PbS QDs mass loading of =13% (100 mg mL)
to the ink, single droplets were formed reproducibly. Figure 1c
shows the achieved resolution of 50 um on SiO, oxide. The
AFM image (Figure 1d) shows a placed droplet with a thick-
ness of =220 nm. The co-solvent does introduce an increased
root mean square surface roughness of R, = 45 nm, possibly
due to increased flow dynamics during evaporation resulting
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Figure 1. Printing resolution comparison between hexane and co-solvent approach. a) The optical microscope image and b) the AFM image show
the hexane-printing approach, achieving a smooth film morphology (R, =5 nm) with poor printing resolution. The printing pitch of p = 30 um can be
deduced, and fringing indicates a film thickness convergence towards the center of the printed square pattern. Panels (c) and (d) depict the co-solvent
approach’s superior printing resolution of 50 um, showing a printed dot pattern. A full PbS QDs coverage is achieved with an improved drop pinning
but rougher surface (R, = 45 nm). The highlighted film profiles (white) are plotted in both AFM images at their exact position.

from high and low boiling point solvents, 33 and can lead to
agglomerated QDs. However, no coffee ring effect is observed,
and a full QDs coverage is reached.

2.2. Printed Hybrid Graphene-PbS QDs Phototransistors on Flat
Substrates

Phototransistors are desirable for their gain; the generation of
multiple charge carrier per incident photon. Graphene with its
outstanding charge carrier mobility and the ease of size-tunable
spectral sensitivity of colloidal PbS QDs offers a good match.
Combined in a hybrid phototransistor architecture, the detec-
tors demonstrated spectral sensitivity in the NIR to SWIR range
at low light levels (below pW).[*0* Figure 2a displays the device
schematic of such a hybrid graphene-QDs phototransistor. Most
commonly, the graphene field-effect-transistor (FET) is fabri-
cated on a flat and rigid (p-doped Si) substrate with an oxide
in between. A source-drain voltage (Vpg) is applied to the Au
contacts of the patterned graphene channel, while the current
(Ips) is measured simultaneously. The PbS QDs film is depos-
ited on top of the graphene channel and defines the spectral
sensitivity of the detector. Figure 2b depicts schematically the
energy band diagram of the graphene-PbS QDs film junction.
The photogating mechanism relies on three main steps: i) the
incoming photon is absorbed by the QDs film layer, creating
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an exciton (electron-hole pair); ii) the built-in electric field sepa-
rates the charge carriers; iii) the electrons left in the QDs film
result in a photogating of the graphene channel, modulating
Ips. This mechanism saturates eventually, as more charge car-
riers are absorbed in the QDs film layer.

To evaluate the device-level performance of the developed
inkjet printing approach, we fabricated hybrid graphene-col-
loidal PbS QDs phototransistors. Both introduced printing
approaches were used to deposit PbS QDs on top of the chan-
nels for comparison. Subsequently they are named hexane and
co-solvent devices, respectively. The hexane devices are shown
in Figure 2c. The graphene FETs have a channel length of L; =
10 um, width of W =5 um, and are fabricated on a p-doped Si
substrate. The oxide layer consists of 90 nm thermally grown
SiO, oxide with an additional 20 nm of ALD-grown HfO, on
top, which improves the droplet pinning. The uniform color of
the PbS QDs film indicates a smooth surface as confirmed by
AFM (Figure S2, Supporting Information). In Figure 2d, the
co-solvent device is shown with a [, = 50 um and W =5 um
graphene FET geometry. Due to improved drop formation and
pinning on the substrate, a standard p-doped Si with 285 nm of
thermally grown SiO, was used. In agreement with the printing
resolution demonstration (Figure 1d), the increased surface
roughness gives rise to a color pattern. For the hexane and
co-solvent devices, a film thickness of = 100 nm is estimated
after a solid-state ligand exchange of the native QD ligands with
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Figure 2. Hybrid graphene-PbS QDs phototransistor architecture on commonly used flat substrate. Panel (a) shows the device architecture composed
of a graphene FET fabricated on doped silicon (p-Si) with an oxide layer in between. A bias voltage (Vps) and gate voltage (V) are applied, while the
current between source and drain (Ips) is measured. The energy diagram in panel (b) shows the photogating effect caused by exciton (electron-hole
pair) separation. The applied gate voltage controls the charge carrier density in the graphene channel, shifting it above or below the charge neutrality
point (CNP) to electron (n-type) or hole (p-type) conduction regimes, respectively. Panels (c) and (d) show optical microscope images of the devices
before and after printing PbS QDs on top of the graphene channels for both approaches. The phototransistors have a channel width of W =5 um and
channel lengths of L; =10 um and L, = 50 um for the hexane and co-solvent approach, respectively. The differing color of the graphene channel before
QDs sensitization is due to the variation in gate oxides of HfO, (hexane approach) and SiO, (co-solvent approach). The devices were fabricated in two
individual non-related batches, which explains their channel geometry variation. The estimated PbS film thickness after a solid-state ligand exchange
to 1,2-ethanedithiol is = 100 nm (two printed layers) and = 100 nm (one printed layer) for the hexane and co-solvent printing approach, respectively.

1,2-ethanedithiol (refer to AFM measurements, Figure S2, Sup-
porting Information). Two and one printing layer were required
for the hexane and co-solvent devices, respectively. The devices
were fabricated in two individual non-related batches, what
explains their variation in channel geometry.

After device fabrication, a responsivity map over gate voltage
and temperature was acquired to compare the performance
of both printing approaches. To account for the different gate
oxides, the gate voltage is converted to an induced charge car-
rier density Ang = Coyige / € - Vi (Csiozymjor = 35.3 nF cm™?,
Csioa = 11.9 nF cm™? (Figures S3, Supporting Information). The
incoming monochromatic light was chopped at a frequency
fenop = 5 Hz, and the light power P;, as well as the photocurrent
I, were measured with a lock-in amplifier (amplitude and
phase signal). The responsivity of detectors were calculated
using

R=L (1

Figure 3a,b shows the observed responsivity amplitude and
phase signal of the hexane device. A bias of Vg =100 mV was

Adv. Mater. Technol. 2023, 8, 2201922 2201922 (4 of 1)

applied, and the wavelength was set to 1180 nm (first excitonic
peak of PbS QDs batch for the hexane printing after device
integration, Figure S4, Supporting Information) with an irradi-
ance of 125 pW cm™2 The temperature was swept from 300 K
down to 80 K and while the applied gate voltage was varied
between +/- 30 V (6.6x 1012 cm~2). The highest performance of
2090 A W' is observed at T = 110 K and Ang = 6.4x 10> cm™
(Vg = 29 V). In comparison, Figure 3c,d shows the map for
the co-solvent device. Here, the gate was varied between +/-
75 V (5.6x 10”? cm™2) with an applied bias of Vpg = 500 mV to
account for the longer channel length. The wavelength was set
to 1580 nm (first excitonic peak of PbS QDs batch for co-solvent
printing after device integration, see Figure 4a) at an irradiance
of 120 uW cm~2. The dashed white line indicates the graphene
channel’s charge neutrality point (CNP), and observed for the
co-solvent device only. Applying positive or negative gate volt-
ages with respect to the CNP causes electron (n-type) or hole
(p-type) conduction due to electric field doping in the graphene
channel, respectively. The highest performance of 195 A W is
observed at T = 80 K and Ang = 2.9 x 102 cm™ (Vg =39 V) in
the n-type regime of graphene. Interestingly for both devices, a
phase shift of 180° is observed when cooling the device down
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Figure 3. Responsivity maps over gate voltage and temperature for performance comparison of the hexane and co-solvent devices. Panels (a) and (b)
show the responsivity amplitude (R) and phase (6) of the hexane device. The measurement was performed at a bias of Vs = 100 mV, a wavelength of
A=1180 nm (= 4 nm QDs), and irradiance of 125 uW cm?. Ang = Cyq. /€ - Vi indicates the induced charge carrier density by the applied gate voltage
and accounts for the different oxides. Panels (c) and (d) show the responsivity of the co-solvent device measured at a bias of Vps =500 mV, a wave-
length of 1=1580 nm (= 6 nm QDs), and irradiance of 120 uW cm~2 The charge neutrality point (CNP) is indicated by the white dashed line, dividing
the hole (p-type) and electron (n-type) conduction regimes in the graphene channel, and observed for the co-solvent device only. For both printing
approaches, the highest values are reached at low temperatures and accompanied by photoresponse sign change (phase jump of 180°). The time
traces highlight this sign change from a e) negative to a f) positive photocurrent for the co-solvent device and are measured at a bias Vps =500 mV,
wavelength of A = 1580 nm, and irradiance of 7 1 W cm™2. The fitted time constants indicate a faster response (1,, 1 1) and a slower detrapping from
charge traps (7, » T) upon turning on the light, if the device is cooled from 300 to 80 K.
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Figure 4. Performance of the co-solvent device. a) shows the colloidal stability of the QDs dispersed in the co-solvent ink over a time period of 7
months. The spectra were acquired with the QDs dispersed in tetrachloroethylene (TCE). A = 100 nm blue shift of the first excitonic peak compared to
the as synthesized QDs can be explained by oxidation, as the ink was stored at ambient conditions and is observed for the control ink stored in hexane
too. After device integration in panel (b), the PbS QDs preserve their first excitonic peak (n-type regime at 80 K, f;4,, = 5 Hz, Vps = 500 mV). Hybrid gra-
phene-PbS QDs phototransistors are sensitive to irradiance levels. In panel (c), the R ~ Irradiance™ relation is highlighted (f4,, = 5 Hz, Vps =500 mV).
d) shows the current normalized noise spectra of the device in the main operation points. The spectra were acquired with a bias of Vps =100 mV

and averaged over 10 s.

from 300 to 80 K. This is in good agreement with previously
reported photoresponse sign flipping upon cooling down the
device.l4

The observed higher responsivity values of the hexane device
can be explained manifold. The devices are fabricated in two
individual batches why device-to-device variation can not be
excluded in general. This comprises the graphene channel (field
effect mobilities = 350 for the hexane device and 1500 cm? Vs
for the co-solvent device booth at 300 K, Figure S5, Sup-
porting Information), PbS QDs synthesis and their size (=<4 nm
for hexane device and = 6 nm QDs for the co-solvent device
estimated from absorption spectral*?), as well as the ligand
exchange. However, we would like to indicate that a smoother
film morphology can point to denser QDs packing in the
film. This is preferential as it reduces dot-to-dot distance and
facilitates an enhanced electrical coupling between them.B5#
Moreover, it also indicates fewer voids and agglomerations of
QDs that could host residual species introducing traps and
increasing the energy disorder deteriorating the charge trans-
port across the film,*%! as shown in the literature.[*0-]

Balancing the viscosity and pinning of the droplet on the
substrate can be important to achieve densely packed QDs film
while ensuring the printing of fine features. At this point, the
better droplet pinning and printing stability of the co-solvent

Adv. Mater. Technol. 2023, 8, 2201922 2201922 (6 of 11)

approach is important to extend this technological approach
to a variety of substrate materials and shapes. We thus inves-
tigate the co-solvent device in further detail and focus on
photocurrent time traces in the n-type regime of graphene
(irradiance of 7 UW cm™). At 300 K a negative photocurrent
is observed (Figure 3e), following the room temperature
responses reported in the literature (see Figure 2b);[232440:4149]
the negatively charged QDs film upon light exposure, induces
a positive charge reducing the graphene channel’s electron
charge density. However at 80 K, in Figure 3f, the photocurrent
is positive, suggesting a net positively charged QDs film. This
implies an energy rearrangement of the graphene-QDs film
interface, and is supported by time constant changes of fitted
double exponential function f(t)=A,,;-¢™/™" + A,,,-¢"/™* to
the photocurrent (Figure 3e,f). Upon cooling the device down
to 80 K, the light on time constant 7, , increases from 15.8 to
much larger than 30 s (measuring time), while 7,, ; goes down
at the detection limit from 0.2 to 0.1 s. We assign the faster
time constant 7,, ; to the separation of the electron-hole pairs,
hence, indicating a faster device response at reduced tempera-
tures. In contrast, the population of trapped states on the QDs
surface can be assigned to the slower time constant 7,, ,. The
increased population rate of those traps at lower temperatures
changes the Fermi level in the QDs film. This readjustment at
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the interface causes an electron flow to graphene, thus, leading
to the photocurrent sign change. We note that the Fermi level
of the QDs film readjusts around the middle of the band gap
and leads to accessible charge transfer in the p-type and n-type
regimes of graphene. As a result positive photocurrents (6= 0°)
are observed on both sides.

In the responsivity maps over gate voltage and tempera-
ture, the light irradiance was kept at a high level to empha-
size the observed sign-flipping features. In Figure 4, we now
focus on the performance of the co-solvent device at lower light
levels. The device integration preserves the first excitonic peak
(Figure 4(a) to (b)). In addition, the QDs ink shows colloidal sta-
bility over 7 months (Figure 4a). The ~ 100 nm blue shift of the
first excitonic peak can be explained by oxidation as the QDs
were kept in ambient conditions,®*>4 and it is also observed
in the control ink stored in hexane under ambient condition.
The spectral photoresponse was measured in the n-type regime
of graphene at 80 K (highest photoresponse point), at a bias of
Vps = 500 mV, and f,,, = 5 Hz light modulation. Reducing the
light irradiance to = 1 it W cm™ increases the responsivity by
one order of magnitude to = 1x 10> A W This R ~ Irradiance™
dependency is highlighted in Figure 4c for p-type regime at 300
K (red) and n-type regime at 80 K (blue). Moreover, in Figure 4d,
the characteristic low-frequency 1/f 7 dependence of graphene is
depicted. The spectra are normalized by the source-drain cur-
rent Ipg to account for different charge carrier densities in the
graphene channel. Further normalization by the channel geom-
etry (5x50 um?) results in noise values in the range of = 1078
-107 um?Hz™! at 10 Hz. Together with fitted y values in the
range of 1-1.3, this agrees well with commonly reported values
in the literature.*> At 5 Hz (f,,,) a noise current of 525 pA for
p-type at 300 K (measured Ips = 52.9 pA) and 745 pA for n-type
regime at 80 K (measured Ipg = 23.9 1A) is estimated. With

R\JAAf )

I noise

where A is the detector area, and Afis the frequency bandwidth,
specific detectivities D* of 2 x 10® (p-type, 300 K) and 4 x 10°
Jones (n-type regime, 80 K) can be estimated at 5 Hz modulation
and a wavelength of 1.6 um. However, taking into account that
the detector becomes faster at low temperatures (reduced 7, ),
the photocurrent reaches 6 nA after 1 ms, and hence, with the
lower noise at 1 kHz, a D* of at least 1 x 10!° Jones is reached.
The highest reported detectivities for this type of devices are
in the range of D* =10'2-10" Jones!*3 and based on layer by
layer spin coated PbS QDs films. This approach is expected to
result in a lower density of traps and thus gives superior charge
transport performance in the PbS film. In contrast to printing,
though, it is not applicable to curved substrates.

The highest photoresponse of the co-solvent devices shifts
from p-type to the n-type region of the graphene channel if the
device is cooled from 300 down to 80 K (Figure 3c). This one
order of magnitude improvement is not supported by reduced
noise upon cooling (Figure 4c). Keeping in mind that the
highest photoresponse shift is accompanied by a transferred
charge carrier type change across the QDs-graphene interface
from holes (300 K) to electrons (80 K), it indicates an improved
charge transfer of electrons rather than holes. Recently, an
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enhanced photoresponse in graphene-PbS QDs hybrid device,
with tetrabutylammonium iodide (TBAI) capped ligands, was
observed introducing a ZnO layer to facilitate the electron
transport to graphene.’’) The enhanced charge collection is in
good agreement with observed higher electron mobility values
leading to longer diffusion depths (L, ~/u) in those QDs
films.>8l

2.3. Detector on Curved Substrate

Conformal manufacturing of the printed hybrid graphene-PbS
QDs photodetectors was demonstrated by the fabrication of a
device on a curved surface (POF). POFs are commonly used in
photonic textile sensors for healthcare applications. Such sen-
sors have advantages related to their immunity to electromag-
netic fields, mechanical robustness, as well as the capability of
multiplexing and multifunctionality.' However, they require
converting the optical signal to an electrical one, which brings
disadvantages such as the need for additional bulky elements
(light source, photodetector). Here, we show the seamless
integration of a photodetector to an elastomeric POF that was
recently proposed as wearable sensors for pressure and move-
ment sensing.l>>%%

The zoom-in image of Figure 5a shows the device in more
detail. By carefully fishing graphene, it was wrapped around the
POF of 1 mm in diameter. Special care was taken by adding
slow rotation to the POF while the DI water level was lowered
manually. Au contacts were then evaporated using a shadow
mask with a spacing of 250 um. Finally, the co-solvent printing
approach was used to deposit PbS QDs only on the graphene-
covered areas (two printing layers), leaving the rest of the fiber
untouched. The optical microscope image in Figure 5b shows
the final structure. We note that the superior pinning of the
co-solvent printing approach is crucial at this point and could
potentially ensure printing on a variety of different substrate
materials and geometries.

The hybrid device acts as a functional coating and detects
light propagating through the fiber without interfering with the
light path (Figure 5a). A single-mode fiber couples laser light
to the multimode POF, where out scattered light is detected.
Figure 5c shows the photocurrent for the two telecom wave-
lengths 1300 nm (O band) and 1550 nm (C band) by varying
the coupled light power P.,,.; between 0.2 and 2.7 mW. In
particular, we find higher photocurrents for the 1300 nm laser
excitation reaching 120 nA at 1.7 mW of coupled light. A photo-
current of 70 nA is reached for 1550 nm laser excitation at a
Peoupiea Of 1.5 mW. Tt has to be noted that the polysiloxane-based
POF has a spectral dependence.”%62 We find a 0.4 and 2.3 dB
cm! attenuation for light coupled at 1300 and 1550 nm to the
POF, respectively. In addition, a coupling loss and a bending
loss of 0.4 dB each are observed. With a POF length of 5 cm,
the power at the detector position inside the POF is estimated
using

PPOF = Pcoupled X 10_0‘%/10 (3)

where P4 is the light power coupled to the fiber, and oyp
is the attenuation expressed in dB. The reduced laser power
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Figure 5. Demonstration of the hybrid-PbS QDs phototransistor on a curved surface. Panels (a) and (b) show the device's schematic and optical
microscope image, respectively. Graphene was wrapped around a polymer optical fiber (POF) of 1 mm in diameter. Au contacts were deposited on top
of the graphene channel, and the PbS QDs were printed on this curved surface by the co-solvent approach. The fabricated device detects outscattered
light upon laser excitation without interrupting the light path. Panel (c) shows the photocurrent of this functional coating to the POF (Vps =100 mV).
The POF has a spectral absorbance, which is why similar in-coupled light powers for the 1300 and 1550 nm wavelength vary in the power next to the
detector Ppor. In combination with the graphene channel resistance of 1 kQ (inset), the photogating is confirmed as the photocurrent trend in the
linear regime shows a higher sensitivity R = 1,4,/ Ppor for 1550 nm wavelength excitation (first excitonic peak of the QDs). Note that R” ~ R but includes

the wavelength-dependent out-scattering behavior of the POF to the responsivity R.

reaching the detector at 1550 nm wavelength reveals the
expected wavelength dependence. As I, = R - P, a linear trend
is expected for the photocurrent with I, = R" - Ppop. Note that
R’ ~ R but describes the responsivity capturing also the light-
outscattering behavior of the POF itself. However, comparing
the two slopes in the linear regime, a higher photoresponse is
expected at compatible light powers for the 1550 nm rather than
the 1300 nm wavelength excitation. This agrees well with the
higher spectral response around the first excitonic peak observed
in the device fabricated on the flat substrate (see Figure 4b). In
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contrast, the more light power reaching the detector at 1300 nm
causes a device operation in the photocurrent saturation regime.
The saturation effect is caused by the increasing number of
photogenerated charge carriers at the QDs-graphene interface,
lowering the built-in potential and, hence, counteracting the
exciton charge separation. The I~V curve shown in the inset
reveals a graphene channel resistance of =1 kQ. In combination
with the spectral dependence, this confirms the expected pho-
togating effect; where the channel current is measured and the
spectral sensitive QDs modulate the channel resistance.
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3. Conclusion

This study demonstrates the potential of graphene-PbS QDs
hybrid IR phototransistors to overcome the geometrical restric-
tion of a flat substrate using conformal manufacturing. To
locally functionalize a POF fiber of 1 mm in diameter, graphene
was wrapped around it, and PbS QDs were, subsequently, inkjet
printed on top of the contacted graphene devices. Confirmed
by a low electrical resistance (1 kQ) and the spectral sensitivity
of the photoresponse (higher photoresponse at first excitonic
peak), this functional coating detects light by the photogating
effect without interrupting the light path along the waveguide.
A corterpineol and hexane co-solvent ink was developed to print
on top of such a curved surface. The ink showed colloidal sta-
bility over at least 7 months, and a printing resolution of 50 um
was achieved on a common flat substrate. The detector fabri-
cated on the flat substrate demonstrates responsivity values
R=1x10° A W! (irradiance =1 pW cm2) and a detectivity of at
least D* =1 x 10! Jones at 1.6 um. By performing responsivity
maps over gate voltage and temperature, we confirm our previ-
ously reported photocurrent sign-flipping that we assign to an
increased population rate of trap states at the QDs surface if
the device is cooled down to 80 K. The observed photoresponse
improvement upon cooling the detector is not supported by
lower noise characteristics of the graphene channel but a
faster photoresponse at 80 K compared to 300 K. This faster
response, in combination with the photocurrent sign-flipping
indicates an enhanced charge carrier collection for electrons
rather than holes across the QDs film-graphene interface.
The co-solvent printing approach was compared to printing
PbS QDs dispersed in hexane only, confirming poor printing
properties but an overall smoother film morphology. A device
level comparison indicates that smoother PbS QDs absorber
films might improve the device performance, possibly by
increasing the charge carrier diffusion length due to the denser
QDs packing. The extension of the graphene-PbS QDs hybrid
architecture to curved surfaces by conformal manufacturing
is a first step towards integrating this cost-effective and vari-
able technology into e-textiles, where a single fiber can support
multiple functionalities.

4. Experimental Section

Graphene Growth and Transfer. CVD graphene was grown as reported
previously,®*64 with slight adaptations. The commercial copper foil
(Foil 2017, No. 46365, Alfa Aesar) was cleaned in acetone (15 min),
isopropanol rinsed (IPA), N, dried, nitric acid (90 s), two times DI-water
(1 min), ethanol (1 min), and blown dried with N, before a reduction
annealing in H,-rich atmosphere (20 sccm H; in 200 sccm Ar) at 1000 °C
and < 1 mbar for 90 min. An addition of 0.05 sccm CH, to the chamber
for 25 min initiated the graphene growth.

Cu-Etching for Graphene Transfer: For graphene transfer, PMMA
50K-protected graphene on copper was placed in the Cu-Transene
etchant for 1 h. Then, after rinsing in DI water, it was put into
hydrochloric acid (10%) for 5 min and rinsed again with DI water. Finally,
graphene was fished on the desired substrate from DI water.

Common Device Fabrication on Flat Substrate: The detailed fabrication
is described in the Supporting Information. But briefly, highly p-doped
Si with 285 nm chlorinated dry thermal SiO, or p-doped Si with 90 nm
chlorinated dry thermal SiO, and 20 nm of ALD grown HfO, was used
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as a substrate. CVD graphene was fished from H,O and patterned
lithographically by O, plasma etch. Au contacts were deposited using
lithography and a lift-off procedure.

POF Device Fabrication: The detailed process of the PDMS-based
POFs is described elsewhere,®®% but briefly; a PDMS formulation was
injected into a tubular mould, cured in the oven, and demoulded. For
the detector fabrication, graphene was carefully fished from H,0. The
POF was put on a glass support inside the H,O containing beaker. The
freestanding end was slowly rotated using a tweezer, while the H,O level
was lowered gently with a pipet. A slow rotation was added once the
graphene touched the fiber, wrapping it around the POF. After drying at
ambient overnight, the POF was put into a vacuum for 48 h (3 mbar).
For contact evaporation, the POF was fixed to a glass slide and covered
with an aluminum shadow mask (15 um thick). Cr (2 nm) and Au (200
nm) were deposited by electron-beam evaporation as top contacts
to graphene.

PbS QDs Synthesis and Ink Prepration: PbS QDs were synthesized
according to the method of Hines et al.?3 with slight modifications and
described in detail in the Supporting Information. For the co-solvent
printing approach, a 60% to 40% mole-ratio of hexane to oterpineol
solvent mixture was prepared. The QDs were dispersed in the co-solvent
with a 100 mg mL™' concentration (mass concentration of the final ink).
A lower concentration of 50 mg mL™" dispersion of PbS QDs in hexane
was used for the hexane-printing approach to slow down the clogging
of the nozzle. Before printing, the QDs inks were filtered with a 0.45 n
PTFE filter.

PbS QDs Inkjet Printing and Ligand Exchange: Printing was performed
with a LP50 inkjet printer using Dimatix disposable cartridges with
1 pl nozzle volume. A drop spacing of 30 um (800 dpi) was chosen to
ensure pinhole-free printed films. Subsequently, the films were dried for
10 min on a hot plate at 60 °C to ensure solvent evaporation. For the
co-solvent printing approach only, a H,O rinse was performed to ensure
the cleaning of orterpineol from the film. Next, ligands were exchanged
by putting a 100 pl droplet of 2 vol% 1,2-ethanedithiol in acetonitrile for
60 s onto the sample, whereafter, the sample was spun at 2500 rpm for
45 s. Finally, a 100 pl droplet of acetonitrile is placed on the sample and
spun at 2500 rpm for 45 s immediately.

Electrical Characterization: Electrical characterization was performed
with a Keithley 4200-SCS semiconductor characterization system. The
oxide capacitance was characterized by applying an RMS amplitude of
Vs = 100 mV at a frequency f = 100 kHz, while the DC bias is swept
between +/- 5 V. The conductance of the graphene transistors was
measured in two-probe configurations. The field-effect mobility u was
estimated by linear least squares fitting to the transfer curve (Ips vs

V) according to y:ﬁd—\?s, where L and W are the channel
D G

length and width, Vps and Ips the source-drain bias voltage and
measured current, C the oxide capacitance per area, and V; the applied
gate voltage.

Photoresponse: A broadband light source (Thorlabs, SLS201) was
optically modulated with a chopper (Thorlabs, MC2000B-EC) and
focused onto and monochromator (Princeton Instruments, SpectraPro
HRS-300 spectrometer with grating 150 G mm’, blaze 0.8 um). Long
pass filters attenuated the higher spectral orders (400, 600, 800, 1200,
and 1900 nm). The monochromated light was collimated with a lens
and split with a 50/50 Polkadot beamsplitter onto a reference detector
(Gentec, UM-9B-L). The samples were placed into an optically accessible
cryostat (JANIS ST-100) with a quartz glass window and cooled with
liquid nitrogen at a base pressure of 3x 107 mbar. Gate voltage and
source-drain bias were applied with two SMUs (Keithley, 2614B and
2450). The photovoltage of the reference detector was measured with a
lock-in amplifier (Stanford Research System, SR865A). In contrast, the
photocurrent of the sample was measured using a shunt resistance of
100 Q, also with a lock-in amplifier (Stanford Research System, SR865A).
The photoresponse of the detector fabricated on the POF was evaluated
using a transimpedance amplifier (Stanford Research System, SR570).
Lasers with 1300 nm (Newport, TLB-6724) and 1550 nm (New Focus,
TLB-6328) excitation wavelengths were used.
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Noise  Characterization: A battery-powered  transimpedance
amplifier (Stanford Research Systems, SR570) was used for the noise
measurements. The samples were measured in dark and at a base
pressure of 3x 107 mbar. The signal was low pass filtered (10 kHz)
and measured with a data acquisition board (National Instruments,
USB6341) at a sampling rate of 500 kHz. The DC offset was removed,
and power spectral densities of 10 one-second-long time traces were
estimated and subsequently averaged.

Atomic Force Microscopy: The measurements were performed with a
Bruker Dimension ICON 3 in Scanasyst peak force tapping mode.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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