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ABSTRACT

A flexible, self-powered and semi-transparent nmitsired photodetector is demonstrated with
graphene and poly(3,4-ethylenedioxythiophene): (@ebtyrenesulfonate) (PEDOT: PSS)
composite on poly vinyl alcohol (PVA) substrate. eTleffective dispersion of graphene
nanoplatelets within polymer chains has yieldedvadequisite loading of graphene — only 3 wt.%
for the implement of a detector with optimized phttermoelectric effect, high flexibility and
high transparency. Under a broadband infrared tiadiawith peak wavelength at 7.8 pum,
1.4x10 cm HZ?> W' photo detectivity is achieved in composite detectehich is 22 times
higher than pure PEDOT: PSS. The demonstrated tdetegray exhibits good optical
transparency of 63% and is capable of being beatradius of 1 mm due to strong interaction
between composite film and PVA substrate. Theséufea make this scalable mid-infrared

photodetector very promising as next-generation&pttronics.

1. Introduction

Portable and low-cost mid-wave infrared (MWIR, 3+#8) and long-wave infrared (LWIR, 8-12
pnm) photodetectors meet forthcoming applicationsvearable health monitoring electronics,
distributed sensor networks in Internet-of-thinaisd autonomous driving assistants. Traditional
mercury cadmium telluride mid-infrared detectordfesu from high material toxicity and
fabrication complexity, and state-of-the-art quamwell photodetectors need be cooled at

cryogenic conditions to operate. The advent of hogeomaterials such as graphene,[1,2] black
2
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phosphorus[3,4] and molybdenum disulfide[5] haveieged room-temperature photodetection
via mechanisms including bolometric effect,[6] phadltaic effect,[7] photo-thermoelectric
effect (PTE),[8-10] and plasmon detection.[11] Ae first 2-D material, graphene exhibits
broadband light absorption due to zero bandgatstrel and enhanced thermoelectric properties
by virtue of low-dimensionality.[32,33] Based on PEffect, single-layer graphene achieved
photo detectivity of ~2x10cm HZ? W' at 119 um, and reduced graphene oxide detector
exhibited a maximum 4.6x¥@m HZ> W detectivity in a broadband range from 0.37 to 118
um.[1,10] Even though large-area graphene growth losa achieved by chemical vapor
deposition,[12] high-quality single-layer grapheise expensive for scalable fabrication and
fragile to manipulate. CNTs are also ideal PTE maisf26,36—39] and Suzuket al.
exemplified a CNT based 1-D detector array forifdéirared imaging with a noise equivalent
power less than 1 nW HZ[13] But drawbacks of pure CNT film detectors @he visible
opacity and unstable photocurrent under deformatio® to weak Van der Waals interaction

between nanotubes.[14]

Modern optoelectronic system expect photodetectirsbe low cost and have novel
functionalities to accommodate broader applicatja®s-17] Polymer based photodetectors are
therefore receiving growing attentions in visibledanear-infrared range by now due to solution
processability, high flexibility, and good transpacy.[18—20] PTE conversion is proved with
0.9 mV photovoltage output under 2.3 W €mear-infrared excitation in a flexible and
transparent hexyl-3,4-ethyl-enedioxyselenopheng;{2ie derivative of PEDOT: PSS which is
also investigated as thermoelectric material.[2R,F8r MWIR/LWIR regimes, however,
polymer based PTE detectors had been vacant hetileport of PVA/CNT composite detector

by our group in 2018.[14] The rationales of polynsemposite based detectors include facile
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fabrication, improved sensitivity and better flektly: the composite detector exhibits negligible
response variation at 3.5 mm bending radius while tesponsivity sees several times
improvement with detectivity of 4.9x¥0cm HZ? W, attributed to the interface phonon
scattering and energy filtering effects.[24-28] Hwer, PVA/CNT composite is opaque and

unoptimized due to aggregation induced high CNHilog[14,29,30]

In this work, we have developed a unique and faeltgication technique towards a flexible,
scalable, self-powered, and semi-transparent nifidsed photodetector using PEDOT:
PSS/graphene composite. An optimized photorespisrasehieved at a low loading of graphene
(3 Wt.%) in polymer composite and 1.4%¥1€m HZ”> W™ photo detectivity under broadband
mid-infrared radiation has been measured in an astnc PTE architecture. To the best of our
knowledge, this is the firstly demonstrated flegibkemi-transparent, and self-powered mid-

infrared photodetector to date.
2. Experimental Section
2.1 Synthesis of PEDOT: PSS/graphene Nanoplatelets Gsitep

0.5 mL Dimethyl sulfoxide (purchased from Sigma-#Adtl, product ID: D4540) which acts as
electrical conductivity enhancer is first addeait® mL PEDOT: PSS water solution (1.3 wt.%,
purchased from Sigma-Aldrich, product ID: 483095d ¢he ratio between PEDOT and PSS is
5:8). Next, graphene nanoplatelets (7 nm thickn2gsm diameter, purchased from Kennedy
Labs) with different loadings within the composiewt.%, 1 wt.%, 3 wt.%, 5 wt.%, 7.5 wt.%,
10 wt.%, 12.5 wt.%) are added into PEDOT: PSS swiufThe mixed solution is dispersed by
magnetic stirring at room temperature for 3 hourd placed in an ultrasonic bath (50 W) for 15
min in order to reduce the-n stacking between graphene flakes. Dispersed ealus then

transferred onto Kapton substrate (polyimide, ~u@9 thick) that has been pre-treated by 10%
4
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HCI solution for 1 hour to improve the hydrophitici A typically 3~4 pm thick and non-
transparent graphene/PEDOT: PSS film can be olataimeugh drop-casting followed by 1 hour

annealing at 150/ on hot-plate.

For a transparent and highly flexible compositer(fihickness 0.1~1 um), the synthesis process
is shown in Figure 1. Dispersed PEDOT: PSS/graplsehgion is first spin-coated onto HCI
treated Kapton substrate at 500 ~ 2000 rpm spdleavirl by 10 min annealing at 150. Next,

a relatively sticky PVA (100,000 molecular weigB#% hydrolyzed, purchased from Fischer
Scientific) water solution is drop casted onto ¢éing PEDOT: PSS/graphene composite surface.
The hybrid material is left drying in ambient cotiai for over 48 hours. Finally, the PEDOT:
PSS/graphene will stick with the PVA sheet andlggsel off the Kapton substrate attributed to

the similar hydrophilic properties of PVA and PEDJ’SS.

. Sy
Mixing C'}bp Co,mb
= C‘asf.
\ ‘ng PEDOT: PSS/Graphene
PEDOT:PSS Graphene Nanoplatelets -
Water solution
.'\\*‘%
PEDOT: PSS/Graphene Poly vinyl alcohol Qc;o'»’ Kapton substrate

] N

- o° /
Peeling off

—

Flexible PVA substrate

Figure 1. Solution processing of the flexible and semi-tpament PEDOT: PSS/graphene composite on
PVA substrate.



91 2.2 Characterizations of PEDOT: PSS/graphene Nanoptat€lomposite

92 Scanning electron microscopy (SEM) images was takemn JEOL JSM 7200F field emission
93 SEM at 10 kV voltage and 9 nA beam current. Therieourransform Infrared Spectroscopy
94 (FTIR) spectra were measured in Bruker Tensor 2IRFJystem. The Raman spectra were
95 obtained in Bruker Senterra-2 Raman spectrometére TV-Vis spectra of PEDOT:
96 PSS/graphene composite were obtained in a PerkarElbambda 35 &1050 UV-Vis

97 spectrometer.
98 2.3 Device Fabrication and Characterization

99 On top of PEDOT: PSS/graphene composite, 200 nmiatum (Al) and 25 nm indium tin oxide
100 (ITO) electrodes are formed via and magnetron spudeposition, as shown in Figure 2a.
101 Shadow mask is used to pattern the electrodesrrdthe photo lithography or electron-beam
102 lithography,. For the semi-transparent devicesjraner Al electrode layer - 15 nm (or 25 nm) is
103 used instead of 200 nm. A 13x13 pixeled detect@yarith 2.8 mm pixel-size is also fabricated

104  with shadow mask technique.

105 For detector characterization, we use low-intensiisoadband blackbody radiation source
106 (Newport Oriel 67030) instead of high-power lasarsorder to imitate the real-world mid-
107 infrared radiation. The black-body temperatureeisfeom 373 K to 573 K with an opening spot
108 diameter of 0.5 cm or 1 cm, and the photodeteatoices to be characterized are placed 25 mm
109 away from the opening. TheV characteristics with and without blablody illumination were

110 measured by a Keithley 6487 pico-ammeter. The pti@omoelectric voltages at zero-bias were

111 calculated from measured photocurrentsvby IR whereR represents resistance of the device.
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3. Resultsand discussion
3.1 Device schematic and photoresponse

The SEM image (Figure S1), FTIR spectra (Figure, 88) Raman spectra (Figure S3) of as-
synthesized composites show that the graphene lseleps have been effectively dispersed
within PEDOT: PSS polymer matrix (as discussed up@ementary Information). This is
considered the main reason for achieving optimR2€&l performance at relatively low graphene
loading. Figure 2b and Figure S4 show the temp@sponses of the PEDOT: PSS/graphene
photodetector placed on Kapton substrate, and &igaillustrates schematic of the device under
infrared radiation. The blackbody infrared sourxset at 573 K and the detector received power
density is 225 pW mth A relatively long photocurrent transition time ®5~30 s has been
observed since a stable photocurrent response earmchieved only when the thermal
equilibrium is established among channel, substeatgé environment. Figure 2d shows the
current-voltage curves of the photodetector undark dcondition and under blackbody

illuminated conditions where a net photocurremhesasured at zero voltage bias.
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Figure 2. a, Non-lithographic fabrication processes of the BHDPSS/graphene based photodetetior.
Temporal response of 3 wt.% graphene loading pletéatbr under 225 uW nihblackbody radiationc,
Schematic of the flexible, semi-transparent infdadetectord, I-V curves of the photodetector measured
in the dark and under blackbody illumination.

3.2 Photoresponse regarding graphene loading and incident infrared power

The photo-thermoelectric characteristics of PEDCHSS/graphene detectors have been

investigated by tuning the graphene nanoplateletgent within composite. The electrical

resistance has seen a 9-fold reduction in the palyven with 1 wt.% graphene loading (Figure

S5). The self-powered, zero-bias property of PTEmaaism is known to reduce the detector

noise significantly,[13,31] and an important reaso@chieve room temperature photodetection.

R VA
\Y

n

The detectivityD" =

which represents the capability of identifying tieakest photons

from the noise is used to evaluate the photodetgetcformance wher®, =V /P is voltage

responsivity,V is photo induced voltag®, is incident powerA is photosensitive area, akd is
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the noise voltage.[13] The main noise floor in zBr@sed detector is the Johnson-Nyquist noise

V, =/4k, TR whereK; is Boltzmann constari, is temperature, ariis resistance.[1,13]

It is considered that despite being a superiot ldisorbing material, graphene is not an efficient
thermoelectric material because of the high theroomlductivity. When graphene is blended
with organic polymer, however, the composite thérooaductivity can be significantly reduced
(approaching to the level of thermally insulatingymers).[17] Therefore, improved figure of
merit for thermoelectric materialsZd value can be achieved

oS T
K

ZT=

whereo is electrical conductivityx is thermal conductivityS is Seebeck coefficient, andis
temperature. For pure PEDOT: PSS based device .f@ gtaphene), the photo detectivity is
only 5.9x16 cm HZ” W? at 55 pW mnt radiation as shown in Figure 3. By increasing the
graphene loading from 0 wt.% to 3 wt.%, the dewégtincreases by 22 folds to 1.3X16m
HzY?> W under the same illumination condition. We expliiis phenomenon with two reasons:
1) enhanced photo absorption at elevated graphsemiing within composite, 2) optimized
thermoelectric efficiency at 2~3 wt.% graphene ingdlue to efficient phonon scattering and
energy filtering effect as reported by literaturePEDOT: PSS composite.[29,32,33] When the
graphene loading increases from 3 wt.% to 12.5 wtt# photoresponse is found decreasing.
The reduction is assumed correlated to the incdetiemal conductivity at elevated graphene
loading[34] and reduced Seebeck coefficient dubigbher carrier concentrations as explained

by[29,32]

2/3
s=Smt [EJ
h 3n

(1)

2
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where L = 77°k,? / 3¢’is the Lorentz numbel is Planck constantn is effective mass of the

carrier, andh is carrier concentration.

The optimized PTE performance can be achieved &t &aw graphene content because the
PEDOT: PSS chains have facilitated the dispersfagraphene. A strong-n interaction exists
between the 2D graphene nanoplatelets and the rplaaekbone of PEDOT, and an
intermolecular electrostatic repulsive force algsts between PSS and the graphene.[29] As a
comparison to PEDOT: PSS/CNT composite, the opathiZNT loading is much higher -
typically 35 wt.%, due to the bundling and aggremabof cylinder-shaped CNTs.[29,35] The
implications of low requisite graphene loading ut® better material biocompatibility [36,37],

lower cost, and the possibility to integrate higtignsparent and ultra-flexible devices.

Figure 3b shows the photodetector responses uratésug blackbody radiation conditions.
While the temperature of blackbody source decrefases573 K to 373 K, i.e. detector received
power density decreases from 225 pW im 26.5 pW mri (the spectral radiant emittances
are shown in Figure S6), the detector photorespsess a small increase from 1.1 &t HZ
W? to 1.4x10 cm HZ? W™. This variation is attributed to the reduced ééficy of thermal
diffusion in the channel/substrate at a strongiearad radiation. Compared to our previous work
using PVA/CNT composite, the PEDOT: PSS/graphermqgoasponse exhibits an increase of
2.9 folds.[14] We explain the improvement by tw@asens: 1) optimized electrode design —
replacing 200 nm titanium with 25 nm ITO which lsad enhanced PTE asymmetry in terms of
light reflection, thermal conduction, and Seebeckfficient,[38] 2) the effective dispersion of
graphene which contributes to a higher thermoetectinversion efficiency compared to CNT

composite.[29]

10
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Figure 3. a, Photodetector detectivity correlation with thergasing graphene content within the PEDOT:
PSS/graphene composite. The graphene nanopldteeliangs are 0 wt.%, 1 wt.%, 3 wt.%, 5 wt.%, 7.5
wt.%, 10 wt.%, 12.5 wt.%, respectivell, The photoresponse of 3 wt.% graphene photodetetto
different blackbody radiation temperatures. While tadiative temperatures are 373 K, 423 K, 498 K,
573 K, the detector received power densities ard @BV mni, 54.9 pW mrit, 121 pW mrit, 225 pwW

mm’*, respectively.
3.3 Photoresponse regarding composite thickness

We further investigated the photoresponse of PEDRES/graphene composites with various
film thicknesses. The as-prepared PEDOT: PSS/3 gt&phene solution is spin-coated at 500
rpm, 1000 rpm, 1500 rpm and 2000 rpm, and the spamrding thicknesses are 1000 nm, 450
nm, 250 nm and 100 nm, respectively. The compdisiiteobtained by drop-casting is typically
much thicker - around 3 um. Figure 4 shows the quesponse correlation with different
thicknesses of the composite, and the maximum geltasponsivity is found in the 450 nm
thick film obtained at 1000 rpm coating speed. Tésponsivity trend with composite thickness

could be understood by a theoretical model:[38]

Vhan = Sotal (Telectrode_T interfat)e+ S compos(tI integfac Tcomposit (3)

11
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where Vyys is the photo voltage generated by half of the pihetector as shown in Figure 4b,
Sotal IS the overall Seebeck coefficient of the eleatr@hd composite underneath (substrate
included), Tinterface IS the temperature at the electrode/compositefate, andTeectrode and
Teomposie@re the temperatures at two farther-ends of teetrelde and composite, respectively.
Equation (3, 4) indicate that the dimensions ohdilare correlated to the thermoelectric voltage
in several ways: the thicknesses of the electrau the composite could affect the light
absorption, the channel temperature gradient atetrdmes theSq,. Other factors causing the
reduced photoresponse in thinner composite filmirfstance in the 100 nm thick film, could be
the phase separation between PEDOT and PSS chaimghacoating speed,[39,40] or the
change of disperse state of graphene nanopla(@lgisn diameter) within polymers. The high
detectivity in the 3000 nm composite (drop-castddyice, however, is due to the reduced

electrical resistance a3 0 R"?.[31]

a y b
25F J12%
~ = 111
= 20} 110 = Radiation
2 i 1 8 gN Fmmmm - 1
_43‘ 1.5F _ L 1 Tcleclmdc Tinlerl'uce : Tcomposite [
| l6 81 daeees ! :
o 1.0 P 1 l electrodeI : Electrode 1 1 Electrode 2
= I T | : 1
(] 14 = - L] 1 .
¥ 05} | Q| composite : Composite | | Composite
| D) ° I e mmmmmm- ’ - 1
0 . 0 1 O : Storal ‘Sco mposite :

0 500 1000 2500 3000 = t-—==—==m=-—-——————=a
Composite film thickness (nm)

Figure 4. a, Photoresponsivity correlation with PEDOT: PSShtpene composite film thickness, A
schematic of the detector whose photoresponsdaiedeto the temperatures and Seebeck coefficients

some of its parts. The electrodes are 25 nm Al2gdm ITO.
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3.4 Semi-transparent photodetectors

Next, semi-transparent photodetectors are demdedtrdy transferring the spin-coated
composite onto transparent PVA substrate and iatiegy thin electrodes. The optical image and
UV-Vis transmittance spectrum of PVA supported PHD@SS/graphene composite are
presented in Figure 5a, which exhibit 80% lighhsmittance in 400 ~ 800 nm visible range. The
optical transmittance is 61% (or 59%) for the dewdth 15 nm Al (or 25 nm) and 25 nm ITO
electrodes, (Figure 5b), and 63% for the 13x13lpikeetector array (Figure 5c). It is apparent
that the main limitation of detector transparensyhe reflective Al metal film, and a possible
way to mitigate this is to replace the continuatm fvith conductive nanowire network.[41,42]
It is noteworthy that with thinner Al electrode (8@), the photoresponse of the device exhibits
certain degradation compared to that with a thickectrode (200 nm).[13] Still, a relatively
high detectivity of 8.3x10cm HZ”?> W is achieved in the 25 nm Al and 25 nm ITO devire
7.0x10 cm HZ? Wl is achieved in the 15 nm Al and 25 nm ITO devigkich are comparable
to non-transparent photodetectors. The comparigbnden this work and representative room
temperature MWIR/LWIR detectors is shown in Tablé &d a comparison of polymer

(composite) based PTE detectors are shown in Bile
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Figure 5. Transparent composite and semi-transparent pheittdes.a, The UV-Vis spectrum and
optical image of the PEDOT: PSS/graphene compositeVA substrate in visible rande. The UV-Vis
spectra of composite based photodetectors withri®2% nm Al and 25 nm ITO as electrodes. The
optical image is the 15 nm Al electrode based @evicThe UV-Vis spectrum and optical image of a

13x13 pixeled detector array.

3.5 Detector flexibility

The PEDOT: PSS/graphene detector exhibits excdlkxibility and stable photoresponse under
bending deformation. Figure 6a shows the photorespoutput at different bending radiuses in
a drop-casted 3 wt.% graphene composite on Kaptbstiste. The photoresponse only exhibits
a small change at a significant bending of 1 cmusadWe presume the stable response
originates from a strong interaction between graptéler and polymer matrix that is important
in maintaining certain electrical and thermal tgaors paths.[14] However, due to the excessive
thickness of the composite and its weak interactioth Kapton substrate, several cracks
appeared on the composite film after 100 times iogndBut this issue is significantly mitigated
in the spin-coated composite film that is trangfdronto a flexible PVA substrate. Figure 6b
shows a good photoresponse endurance of a PVA gedpspin-coated composite during 400
times bending. The photo voltages are measureer diad state of the device after each bending.

Thanks to high flexibility of the thin compositeséif and its strong interaction to the PVA

14



255 substrate (both hydrophilic materials), quite snb&lhding radius below 1 mm is achieved in a

256 single pixel detector (Figure 6¢) and a 13x13 @dedrray (Figure 6d).
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258 Figure 6. Bending properties of PEDOT: PSS/graphene basedogétectorsa, The photovoltage
259 outputs of a device on Kapton substrate at convanding of 2.4 cm, 1.8 cm, 1.0 cm radiuses, and
260 concave bending of 2.4 cm radilbs.Photovoltage outputs during 400 times bendingy mom radiusc, d,
261 Optical images of the flexible, semi-transparengks-pixel detector and detector array.

262 3.6 Responseto infrared radiation from human body

263 Finally, human-body passive radiation detectiopesformed using the PEDOT: PSS/3 wt.%
264 graphene detector. Similar to the blackbody sowre@ise for characterization, thermal emission
265 from human-body is a broadband radiation covering/IR and LWIR regimes having peak
266 wavelength at 9.3 um. A notable photocurrent iseoled under the unfocused, spontaneous

15
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body emission when the fingertip is place? mm away from the detector as shown in Figure 7a.
This demonstrates the possible functionality of thevice as wearable optoelectronics since the
fluctuation of body radiation could be reflectedie change of photocurrent. Figure 7b presents
a flexible, transparent wristband integrated witkirgle-pixel PEDOT: PSS/graphene detector.
By tracking the variation of body emission, thestlvtand can serve as a wearable monitor for the
sleep health condition.[43,44] Wearable MWIR/LWIBtectors can also diagnose breast or skin
cancers and foot ulcerations attributed to theanefl radiation change from the body at their
very early occurrence.[45,46] We consider our ptletector have advantages in terms of
comfort, convenience, and integration compared kio-®uching, rigid, and battery-driven
temperature sensors. Furthermore, Figure S7a-c glu®sible applications of a flexible and
semi-transparent 13x13 pixeled detector array, lWwhg proposed as part of the gesture
recognition system inside vehicles as a supplenmetiie current ultrasound transducers, or as
photodetector/energy-harvester installed on the wandshield of the environmental
MWIR/LWIR radiation. Since the infrared emissiviby various matters such as bio-tissues are
different (even under the same temperature), thectte array could also be integrated onto

glasses/contact lens and serve as eyeball tradkivige under dark conditions.
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Figure 7. a, Repeated detection of a human fingertip radigpiaced above the detector surface without
contact. The device is drop-casted PEDOT: PSS/ wtaphene with 200 nm A, A flexible, semi-
transparent wrist belt with the self-powered phetedtor integrated.

4. Conclusion

In summary, PEDOT: PSS/graphene composite midredraphotodetectors have been
demonstrated based on self-powered photo-therntdeletfect. This flexible, semi-transparent,
and sensitive photodetector is fabricated by augjigcalable method. The best photo detectivity
of 1.4x1d cm HZ”> W' is achieved at a graphene loading of 3 wt.% wifEDTO: PSS. High
flexibility at the bending radius of 1 mm, high matl transmittance - 80% for the composite and
63% for detector array have been achieved. Theswgétector functionalities could open new
possibilities of next-generation optoelectronics &pplications in Internet-of-things sensors,

wearable biomedical electronics, and autonomowsngdrassistants.
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