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PHOTODETECTORS AND PHOTOVOLTAIC 
DEVICES 

BACKGROUND 

GOD with PEDOT : PSS sufficient to form a solution ; and 
depositing the solution as a layer on a semiconducting 
substrate . 
[ 0007 ] The details of one or more examples are set forth 
in the description below . Other features , objects , and advan 
tages will be apparent from the description and from the 
claims . 

BRIEF DESCRIPTION OF DRAWINGS 

[ 0001 ] GaN - , Si - , and InGaAs - based detectors have been 
widely used for ultraviolet ( 250 nm to 400 nm ) , visible ( 450 
nm to 800 nm ) , and infrared ( 900 nm to 1700 nm ) , respec 
tively . However , the cost of these photodetectors is high and 
the design is complex because these detectors require cool 
ing systems in order to increase sensitivity and reduce noise 
levels . While functional 2D photodetectors with ultrahigh 
gain , photodetectors for harsh electronics , and see - through 
solar - blind photodetectors have been successfully fabri 
cated , these functional photodetectors typically require high 
operation voltage and have a limited detection wavelength 
range . As a result , the potential of using these devices in 
practical applications is inhibited . 
[ 0002 ] High - detectivity polymer photodetectors with 
spectral response from 300 nm to 1450 nm have also been 
reported . For instance , photodetectors based on poly ( 5 , 7 - bis 
( 4 - decanyl - 2 - thienyl ) - thieno ( 3 , 4 - b ) diathiazole - thiophene - 2 , 
5 ) ( PDDTT ) , solution - processed perovskite materials , and 
CdS and PbS quantum dot - based photodetectors have been 
fabricated . However , compared to Si photodetectors , the 
detectivity of organic based photodetectors is still relatively 
low in certain wavelength regions . In addition , the fabrica 
tion of Cd and Pb based quantum dots require toxic mate 
rials . 
[ 0003 ] In considering the development of next generation 
photovoltaic applications , a major goal includes weak light 
and omnidirectional light harvesting . Most light is diffused 
or scattered through the atmosphere as it reaches the earth . 
Under an overcast sky , over 90 % of the total incident solar 
radiation is diffused . To date , photon management tech 
niques that enable the omnidirectional light detectability 
such as hierarchical surface engineering , fabrication of 
graded refractive index coating , employing colloidal nano 
spheres , and utilization of periodic nanopillar arrays have 
been applied in various optical devices . These omnidirec 
tional light - harvesting techniques , however , require com 
plex fababrication processes that result in unwanted defects , 
recombination sites , and contaminations that deteriorate 
performance with respect to omnidirectionality and thus 
require additional treatment procedures . Therefore , it is of 
great importance to develop more straightforward outdoor 
weak light harvesting techniques with extraordinary omni 
directional light absorption properties that can also be used , 
for example , in indoor applications such as smart home and 
intelligent building . 

[ 0008 ] This written disclosure describes illustrative 
embodiments that are non - limiting and non - exhaustive . In 
the drawings , which are not necessarily drawn to scale , like 
numerals describe substantially similar components 
throughout the several views . Like numerals having differ 
ent letter suffixes represent different instances of substan 
tially similar components . The drawings illustrate generally , 
by way of example , but not by way of limitation , various 
embodiments discussed in the present document . 
[ 0009 ] Reference is made to illustrative embodiments that 
are depicted in the figures , in which : 
10010 ] FIG . 1 illustrates a block flow diagram of a method 
of fabricating a photodetector and / or photovoltaic device , 
according to one or more embodiments of the present 
disclosure . 
10011 ] FIG . 2A illustrates a TEM and HRTEM images of 
GODs ( inset ) and a photographic image of GOD solution , 
according to one or more embodiments of the present 
disclosure . 
[ 0012 ] FIG . 2B illustrates a graphical view of the diameter 
distribution of GODs measured in TEM images with a 
Gaussian fitting curve ( black line ) , according to one or more 
embodiments of the present disclosure . 
[ 0013 ] FIG . 2C illustrates a schematic view of a fabrica 
tion process of PEDOT : PSS / Si hybrid devices with GQDs , 
according to one or more embodiments of the present 
disclosure . 
[ 0014 ] FIG . 3A illustrates a graphical view of I - V char 
acteristics of hybrid / GQDs photodetectors measured in the 
dark and under 532 - nm illumination with different light 
power intensities , according to one or more embodiments of 
the present disclosure . 
[ 0015 ] FIG . 3B illustrates a graphical view of I - V char 
acteristics of pyramid Si photodetectors measured in the 
dark and under 532 - nm illumination with different light 
power intensities , according to one or more embodiments of 
the present disclosure . 
[ 0016 ] FIG . 3C illustrates a graphical view of I - V char 
acteristics of Si PN photodetectors measured in the dark and 
under 532 - nm illumination with different light power inten 
sities , according to one or more embodiments of the present 
disclosure . 
[ 0017 ] FIG . 3D illustrates a graphical view of 532 - nm 
laser intensity - dependent responsivity of hybrid / GQDs pho 
todetectors , pyramid Si photodetectors , and Si PN photode 
tectors measured under 0 V , according to one or more 
embodiments of the present disclosure . 
[ 0018 ] FIG . 3E illustrates a graphical view of 532 - nm 
laser intensity - dependent detectivities of hybrid / GQDs pho 
todetectors , pyramid Si photodetectors , and Si PN photode 
tectors measured under 0 V , according to one or more 
embodiments of the present disclosure . 

SUMMARY 
[ 0004 ] In general , embodiments of the present disclosure 
describe photodetector and / or photovoltaic devices and 
methods of fabricating photodetector and / or photovoltaic 
devices . 
[ 0005 ] Accordingly , embodiments of the present disclo 
sure describe a photodetector and / or photovoltaic device 
comprising a semiconducting substrate and a solution 
including at least GQD and PEDOT : PSS , the solution form 
ing a layer on the semiconducting substrate . 
[ 0006 ] Embodiments of the present disclosure further 
describe a method of fabricating a photodetector and / or 
photovoltaic device comprising contacting an amount of 
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[ 0019 ] FIG . 3F illustrates a schematic view of angular 
dependent photodetection and power generation during a 
day in real world , according to one or more embodiments of 
the present disclosure . 
[ 0020 ] FIG . 3G illustrates a graphical view of enhance 
ment of responsivity of hybrid / GQDs photodetectors mea 
sured at O V under 850 - nm light illumination , according to 
one or more embodiments of the present disclosure . 
[ 0021 ] FIG . 3H illustrates a graphical view of the rise time 
of hybrid / GQDs photodetectors measured at O V under 
850 - nm light illumination , according to one or more 
embodiments of the present disclosure . 
[ 0022 ] FIG . 31 illustrates a graphical view of the fall time 
of hybrid / GQDs photodetectors measured at 0 V under 
850 - nm light illumination , according to one or more 
embodiments of the present disclosure . 
[ 0023 ] FIG . 4A illustrates a schematic view of 850 - nm 
light propagation measurement in human finger tissue , 
according to one or more embodiments of the present 
disclosure . 
[ 0024 ] FIG . 4B illustrates a graphical view of hybrid / 
GODs photodetector PDCR as a function of various 850 - nm 
light propagation distance in the human finger tissue ( light 
intensity ( Ilight ) = 0 . 3x104 W / m² ) , according to one or more 
embodiments of the present disclosure . 
[ 0025 ] FIG . 4C illustrates photographic images of real 
world low - light measurement conditions , according to one 
or more embodiments of the present disclosure . 
[ 0026 ] FIGS . 4D - G illustrates a graphical view of a com 
parison of V . ( FIG . 4D ) , J . ( FIG . 4E ) , FF ( FIG . 4F ) , and 
PCE ( FIG . 4G ) between pyramid Si and hybrid / GQDs solar 
cells at 17 : 30 on Apr . 26 , 2014 ( Sunny ) at the location of 25° 
1 ' 7 " N and 121° 32 ' 31 " E , according to one or more 
embodiments of the present disclosure . 
[ 0027 ] FIGS . 4H - K illustrates a graphical view of a com 
parison of Voc ( FIG . 4H ) , Jse ( FIG . 41 ) , FF ( FIG . 4J ) , and 
PCE ( FIG . 4K ) between pyramid Si and hybrid / GQDs solar 
cells at 13 : 00 on Apr . 27 , 2014 ( Cloudy ) at the location of 
25° 1 ' 7 " N and 121° 32 ' 31 " E , according to one or more 
embodiments of the present disclosure . 
[ 0028 ] FIGS . 4L - O illustrates a graphical view of a com 
parison of Voc ( FIG . 4L ) , ( FIG . 4M ) , FF ( FIG . 4N ) , and PCE 
( FIG . 40 ) between pyramid Si and hybrid / GODs solar cells 
under a LED with a power density of 3 . 5 mW / cm² , accord 
ing to one or more embodiments of the present disclosure . 
10029 ] FIG . 5 illustrates is a graphical view of angular 
dependent responsivity of hybrid / GQDs photodetectors and 
Si PN photodetectors measured at O V under 850 - nm illu 
mination , according to one or more embodiments of the 
present disclosure . 
10030 ] FIG . 6 illustrates a graphical view of I - V charac 
teristics of hybrid / GQDs photodetectors with various 850 
nm light propagation distance in the human finger tissue , 
according to one or more embodiments of the present 
disclosure . 
[ 0031 ] FIG . 7 illustrates a graphical view of spectral 
responsivity of Si PN , pyramid Si , and hybrid / GQDs pho 
todetectors under 0 V , according to one or more embodi 
ments of the present disclosure . 

closure relate to graphene quantum dot - modified ( GQD ) 
poly ( 3 , 4 - ethylene - dioxythiophene ) polystyrene sulfonate 
( PEDOT : PSS ) hybrid photodetectors and photovoltaic 
devices . The photodetectors and photovoltaic devices of the 
present disclosure are superior to conventional devices , such 
as conventional Si p - n cells . The photodetectors and pho 
tovoltaic devices of the present disclosure perform excep 
tionally well in low - light photodetection and photovoltaic 
applications and exhibit ultrafast response times . For 
instance , the photodetectors and photovoltaic devices of the 
present disclosure can be used in sensitive photosensing 
applications , such as low - light level biological imaging 
applications . In addition , the photodetectors and photovol 
taic devices of the present disclosure can be used for 
high - speed optical communication . These examples , how 
ever , should not be viewed as limiting , as the photodetectors 
and photovoltaic devices of the present disclosure can be 
used in innumerable applications , especially with respect to 
next generation energy devices . 
[ 0033 ] The photodetectors and photovoltaic devices of the 
present disclosure exhibit extraordinary omnidirectional 
light absorption properties and / or exceptional weak light 
detection capabilities . The photodetectors and photovoltaic 
devices of the present disclosure can be used to harvest 
omnidirectional light and / or weak light . The photodetectors 
and photovoltaic devices of the present disclosure can 
exhibit one or more of high detectivity , high sensitivity , high 
responsivity , and low noise levels over a broad wavelength 
range , without requiring any cooling . The photodetectors 
and photovoltaic devices of the present disclosure are self 
powered with low operation voltage . In addition , the pho 
todetectors and photovoltaic devices of the present disclo 
sure can be fabricated via a simple , non - complex method 
that does not require the use of any toxic materials . The 
photodetectors and photovoltaic devices of the present dis 
closure can be fabricated to minimize and / or eliminate 
unwanted defects , recombination sites , and contaminations . 
The photodetectors and photovoltaic devices of the present 
disclosure can be self - powered and / or ultralow powered . 
( 0034 ) Accordingly , embodiments of the present disclo 
sure describe photodetectors and / or photovoltaic devices , as 
well as methods of fabricating photodetectors and / or pho 
tovoltaic devices . More specifically , embodiments of the 
present disclosure describe a photodetector and / or photo 
voltaic device comprising a semiconducting substrate and a 
solution including at least GOD and PEDOT : PSS , the solu 
tion deposited as a layer on the semiconducting substrate . 
Embodiments of the present disclosure further describe a 
method of fabricating a photodetector and / or photovoltaic 
device comprising contacting an amount of GOD with 
PEDOT : PSS sufficient to form a solution ; and depositing the 
solution as a layer on a semiconducting substrate . 

Definitions 
[ 0035 ] The terms recited below have been defined as 
described below . All other terms and phrases in this disclo 
sure shall be construed according to their ordinary meaning 
as understood by one of skill in the art . 
[ 0036 ] As used herein , " contacting ” refers to the act of 
touching , making contact , or of bringing to immediate or 
close proximity , including at the cellular or molecular level , 
for example , to bring about a physiological reaction , a 
chemical reaction , or a physical change , e . g . , in a solution , 
in a reaction mixture , in vitro , or in vivo . Accordingly , 

DETAILED DESCRIPTION 
[ 0032 ] The invention of the present disclosure relates to 
photodetectors and photovoltaic devices . In particular , the 
photodetectors and photovoltaic devices of the present dis 



US 2019 / 0252631 A1 Aug . 15 , 2019 

treating , tumbling , vibrating , shaking , mixing , and applying 
are forms of contacting to bring two or more components 
together . 
10037 ] As used herein , " dark current ” refers to the current 
flowing through a photodetector even in the absence of light . 
[ 0038 ] As used herein , “ deposit , ” " deposited , ” and / or 
“ depositing ” refers to etching , doping , epitaxy , thermal 
oxidation , sputtering , casting , depositing , spin - coating , 
evaporating , applying , treating , and any other technique 
and / or method known to a person skilled in the art . 
[ 0039 ] As used herein , " detectivity ” refers to the square 
root of the detector area divided by the noise equivalent 
power . 
[ 0040 ] As used herein , “ gain ” refers to the output current 
of a photodetector divided by the current directly produced 
by the photons incident on the detectors . 
[ 0041 ] As used herein , “ GOD ” refers to graphene quan 
tum dot ( s ) . 
[ 0042 ] As used herein , “ PEDOT : PSS ” refers to poly ( 3 , 4 
ethylene - dioxythiophene ) polystyrene sulfonate . PEDOT : 
PSS is a macromolecular salt including a sulfonated poly 
styrene bearing a negative charge upon deprotonation of the 
sulfonyl group and a PEDOT conjugated polymer bearing a 
positive charge via polythiophene . 
[ 0043 ] As used herein , " photodetector ” refers to light 
sensors and / or other electromagnetic energy sensors that 
convert light signals into voltage or current . Non - limiting 
examples of photodetectors include one or more of photo 
diodes , phototransistors , and solar cells . 
00441 As used herein , " photovoltaic ” refers to the con 

version of light into electricity using semiconductor mate 
rials that exhibit the photovoltaic effect . 
0045 ] As used herein , " responsivity ” refers to a measure 
of the input - output gain of a photodetector . More specifi 
cally , “ responsivity ” refers to a measure of the electrical 
output per optical input in units of amperes or volts per watt 
of incident radiant power . 
[ 0046 ] As used herein , “ TEM ” refers to transmission 
electron microscopy . 
[ 0047 ] Embodiments of the present disclosure describe 
photodetectors and / or photovoltaic devices and methods of 
fabricating photodetectors and / or photovoltaic devices . 
[ 0048 ] Embodiments of the present disclosure describe 
photodetectors and / or photovoltaic devices comprising a 
semiconducting substrate and a solution including at least 
GQD and PEDOT : PSS . The solution is deposited on the 
semiconducting substrate . 
[ 0049 The semiconducting substrate can be one or more 
of an n - type semiconductor and a p - type semiconductor . The 
semiconducting substrate can be one or more of a solid , a 
crystalline solid , amorphous , and a liquid . The semiconduct 
ing substrate can include any type of semiconducting mate 
rial , compound , and / or element . The semiconducting sub 
strate can be one or more of a Group IV elemental 
semiconductor , Group IV compound semiconductor , Group 
VI elemental semiconductor , III - V semiconductor , II - VI 
semiconductor , I - VII semiconductor , IV - VI semiconductor , 
IV - VI semiconductor , V - VI semiconductor , II - V semicon 
ductor , I - III - VI , semiconductor , layered semiconductor , 
magnetic semiconductor , and charge - transfer semiconduc 
tor . The semiconducting substrate can include one or more 
of a tertiary compound , oxide , and alloy . The semiconduct 
ing material can include one or more of any element of the 
periodic table . The semiconducting substrate can include an 

organic compound . The semiconducting substrate can 
include one or more of zinc , cadmium , aluminum , gallium , 
indium , thallium , carbon , silicon , germanium , tin , lead , 
arsenic , antimony , bismuth , sulfur , selenium , tellurium , and 
polonium . 
[ 0050 ] In some embodiments , the semiconducting sub 
strate is a silicon substrate . In some embodiments , the 
semiconducting substrate is an n - type silicon substrate . In 
some embodiments , the semiconducting substrate is a p - type 
silicon substrate . In some embodiments , the semiconducting 
substrate can include micro arrays fabricated on a surface of 
the semiconducting substrate . In some embodiments , the 
semiconducting substrate can include one or more of micro 
pyramid arrays , nanowires , microwires , nanopillars , and 
microgrooves fabricated on a surface of the semiconducting 
substrate . In some embodiments , the micropyramid arrays 
are fabricated via depositing . In some embodiments , the 
micropyramid arrays are fabricated via a chemical etching 
process . 
10051 ] The solution includes at least GOD and PEDOT : 
PSS . In some embodiments , the solution includes at least 
carbon dots and PEDOT : PSS . In some embodiments , the 
solution can include between about 0 . 1 wt % to about 10 wt 
% of GOD . In some embodiments , the solution can include 
about 0 . 5 wt % of GOD . In some embodiments , the solution 
can include about 1 wt % to about 99 wt % of PEDOT : PSS . 
In some embodiments , the solution can further include one 
or more of a solvent , a surfactant , and fluoroadditives . In 
some embodiments , the fluoroadditive is Dupont Zonyl . In 
some embodiments , the solvent can include an organic 
solvent . In some embodiments , the solvent can include 
dimethyl sulfoxide . In some embodiments , the solution can 
include about 5 wt % of dimethyl sulfoxide . In some 
embodiments , the solution can include about 0 . 1 wt % of 
surfactant . In some embodiments , the surfactant can be 
Triton X - 100 ( Sigma - Aldrich ) . In some embodiments , the 
surfactant can be Nonidet - P40 . 
[ 0052 ] The solution can be deposited as a layer on the 
semiconducting substrate . In some embodiments , the solu 
tion is deposited by one or more of etching , doping , epitaxy , 
thermal oxidation , sputtering , casting , depositing , spin - coat 
ing , evaporating , applying , and treating . The solution can be 
deposited via any type of means for depositing the solution 
as a layer on the semiconducting substrate . A person skilled 
in the art would readily understand other means for depos 
iting the solution as a layer on the semiconducting substrate . 
[ 0053 ] In some embodiments , the solution is annealed . In 
some embodiments , the solution is annealed between about 
140° C . and about 180° C . In some embodiments , the 
solution is annealed between about 30 seconds to about 1 
hour . In some embodiments , the solution is annealed at 
about 165° C . for about 10 minutes . 
[ 0054 ] In some embodiments , the photodetector and / or 
photovoltaic device can further include electrodes . In some 
embodiments , each of the electrodes can be deposited onto 
opposing surfaces of the semiconducting substrate via ther 
mal evaporation . The electrodes can include any type of 
material , compound , and / or element known in the art . In 
some embodiments , the electrodes can include one or more 
of Ag , Al , Au , Pt , and Ti . 
[ 0055 ] Embodiments of the present disclosure further 
describe a method of fabricating a photodetector and / or 
photovoltaic device . FIG . 1 illustrates a block flow diagram 
of a method of fabricating a photodetector and / or photovol 
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taic device . As shown in FIG . 1 , the method 100 includes 
contacting 101 an amount of GOD with PEDOT : PSS suf - 
ficient to form a solution 102 , and depositing 103 the 
solution on a semiconductor substrate 104 . The disclosure 
above is hereby incorporated by reference in its entirety . 
0056 ] Contacting can include one or more of the act of 
touching , making contact , or bringing into immediate or 
close proximity , including at the cellular or molecular level 
to , for example , bring about a physiological reaction , a 
chemical reaction , or a physical change , e . g . , in a solution , 
in a reaction mixture , in vitro , or in vivo . Contacting can 
include treating , tumbling , vibrating , shaking , mixing , and 
applying to bring two or more components together . 
[ 0057 ] Depositing can include any means for depositing 
the solution as a layer on the semiconducting substrate . In 
some embodiments , depositing can include one or more of 
etching , doping , epitaxy , thermal oxidation , sputtering , cast 
ing , depositing , spin - coating , evaporating , applying , and 
treating . A person skilled in the art would readily understand 
other means for depositing the solution as a layer on the 
semiconducting substrate . 
[ 0058 ] The following Examples are intended to illustrate 
the above invention and should not be construed as to 
narrow its scope . One skilled in the art will readily recognize 
that the Examiners suggest many other ways in which the 
invention could be practiced . It should be understand that 
numerous variations and modifications may be made while 
remaining within the scope of the invention . 

EXAMPLE 1 

GQD - Modified PEDOT : PSS / Si Hybrid 
Photodetectors and Photovoltaic Devices 

[ 0059 ] High detectivity GQD - modified PEDOT : PSS / Si 
hybrid photodetectors and photovoltaic devices were dem 
onstrated with excellent omnidirectional light harvesting 
capability . Compared with conventional Si p - n photodiodes , 
the detectivity and responsivity of the hybrid device with 
GODs both exhibited - 40 % enhancement under 532 nm 
illumination with light power below 10 uW . At large angles 
of incidence ( AOIs ) , the hybrid device exhibited more than 
2 - fold enhancement in responsivity , demonstrating its poten 
tial for omnidirectional light detection applications . Real 
world cases including human tissue photodetection mea 
surement , outdoor weather dependent photovoltaic 
characterization , and indoor weak light photovoltaic char 
acterization were also performed . The hybrid device with 
GQDs exhibited doubled photo - to - dark - current - ratio 
( PDCR ) as compared with traditional Si p - n photodiodes 
detected 1 cm from the source in human finger tissue 
measurement . In addition , in the real - world weak light 
photovoltaic measurement , the GQDs modified hybrid 
device showed enhanced fill factor ( FF ) in all weak light 
conditions , resulting in improved power conversion effi 
ciency ( PCE ) as compared with conventional Si p - n solar 
cells . Accordingly , the high - detectivity , low - cost , and omni 
directional properties of the GQD modified hybrid devices 
along with practical real - world compatibility provide new 
possibilities for the next - generation photosensing , bioim 
gaging , and energy generation applications . 
[ 0060 ] The fabrication process of GQD - modified PEDOT : 
PSS / Si hybrid devices was carried out according to the 
procedure shown in FIG . 2C . FIG . 2C illustrates a schematic 
view of a fabrication process of PEDOT : PSS / Si hybrid 

devices with GQDs , according to one or more embodiments 
of the present disclosure . Micropyramid arrays were fabri 
cated on top of the n - type Si substrate using a chemical 
etching process . 0 . 5 wt % of GOD was then added to the 
PEDOT : PSS solution . The PEDOT : PSS solution is com 
posed of PEDOT : PSS ( PH 500 from Clevios ) with 5 wt % 
of dimethyl sulfoxide ( DMSO from Sigma - Aldrich ) and 0 . 1 
wt % of Triton X surfactant ( Triton X - 100 from Sigma 
Aldrich ) . The PEDOT : PSS / GQDs solution was spin - coated 
on structured Si substrate and annealed at 165° C . for 10 
min . Finally , Ag and Al were thermally evaporated on top 
and back sides of the sample as contact electrodes . 
[ 0061 ] To characterize the actual size and distribution of 
as - prepared GQDs , transmission electron microscopy 
( TEM ) was carried out . FIG . 2A illustrates a TEM and 
HRTEM images of GQDs ( inset ) and a photographic image 
of GQD solution , according to one or more embodiments of 
the present disclosure . The TEM image of the GQDs on 
carbon film - coated Cu grids is shown in FIG . 2A . The 
high - resolution TEM ( HRTEM ) image in the inset of FIG . 
2A shows the enlarged structure of a single GQD , exhibiting 
0 . 213 - nm fringes corresponding to the d spacing between 
graphene layers . The photographic image of GOD solution 
is also shown in the inset . The color of the solution changed 
from transparent to pale yellow as a result of GQD forma 
tion . 
[ 0062 ] FIG . 2B illustrates a graphical view of the diameter 
distribution of GQDs measured in TEM images with a 
Gaussian fitting curve ( black line ) , according to one or more 
embodiments of the present disclosure . In particular , FIG . 
2B is the size distribution of GQDs collected from the TEM 
image . The average size of GQDs was about 3 . 2 nm , which 
corresponds to 15 layers of graphene in each QD . In 
addition , the full - width - at - half - maximum of the fitted 
Gaussian curve was 0 . 5 nm , demonstrating that the size of 
GQDs can be controlled . 
[ 0063 ] FIG . 3A illustrates a graphical view of I - V char 
acteristics of hybrid / GODs photodetectors measured in the 
dark and under 532 - nm illumination with different light 
power intensities , according to one or more embodiments of 
the present disclosure . To compare the GOD - modified 
hybrid PDs with conventional photodiodes , a commercially 
available pyramid structured Sip - n cell and a standard Si p - n 
reference cell were also characterized as control sets and 
shown in FIG . 3B and FIG . 3C , respectively . More specifi 
cally , FIG . 3B illustrates a graphical view of I - V character 
istics of pyramid Si photodetectors measured in the dark and 
under 532 - nm illumination with different light power inten 
sities , according to one or more embodiments of the present 
disclosure and FIG . 3C illustrates a graphical view of I - V 
characteristics of Si PN photodetectors measured in the dark 
and under 532 - nm illumination with different light power 
intensities , according to one or more embodiments of the 
present disclosure . At power intensities above 25 . 2 uW , 
under 532 - nm illumination , all three cells exhibited similar 
photocurrent within - 1 V and 0 . 75 V voltage range . How 
ever , the dark current of GQD - modified hybrid PD was an 
order of magnitude smaller than that of the other two PDs , 
especially near 0 V , demonstrating significantly lower noise 
level under low - light detection . The low noise level can be 
attributed to the fact that PEDOT : PSS layer is an ideal 
electron blocking layer which can effectively prevent 
unwanted hot carriers from reaching the top electrode at 
room temperature . For conventional photodetectors , this is 
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usually achieved by cooling the system in order to increase 
the sensitivity of the device at low - light level . 
[ 0064 ] FIG . 3D illustrates a graphical view of 532 - nm 
laser intensity - dependent responsivity of hybrid / GQDs pho 
todetectors , pyramid Si photodetectors , and Si PN photode 
tectors measured under 0 V , according to one or more 
embodiments of the present disclosure . In particular , FIG . 
3D shows the responsivity of the cells at O V under 532 - nm 
illumination . Due to the above mentioned low noise prop 
erties of the GQD - modified hybrid PD , it exhibited highest 
responsivity at power intensity below 1 mW among all three 
PDs . At 2 . 52 uW , the responsivity of the GOD - modified 
hybrid PD increased to 1 . 02 A / W , indicting its capability for 
self - powered low - light photosensing applications . 
[ 0065 ) FIG . 3E illustrates a graphical view of 532 - nm 
laser intensity - dependent detectivities of hybrid / GQDs pho 
todetectors , pyramid Si photodetectors , and Si PN photode 
tectors measured under 0 V , according to one or more 
embodiments of the present disclosure . For low - light pho 
todetector characterization , the noise equivalent power 
( NEP ) is usually calculated as the figure of merit : 

NEP = ( AAA 1 / 2 / D * 
[ 0066 ] where A is the effective area of the detector in cm² , 
Af is the electrical bandwidth in Hz , and D * is the detectivity 
measured in units of Jones as 

D * = R / ( 2932 ) 12 
[ 0067 ] where R is the responsivity in A / W , q is the 
absolute value of electron charge , and J , is the dark current . 
At zero bias , the calculated detectivity of the GQD - modified 
hybrid PD increased from 1 . 1x1011 to 2 . 2x1011 Jones as the 
power intensity decreases from 0 . 8 mW to 2 . 52 ?W . The 
detectivities within this power intensity region were one 
order of magnitude larger than the previously reported 
high - detectivity polymer photodetectors . Accordingly , the 
self - powered , cooling free , and low - light level detectability 
properties of GQD - modified hybrid PDs demonstrated here 
can be well - suited for developing ultralow power , room 
temperature , and ultrasensitive biological imaging applica 
tions . 
[ 0068 ] FIG . 3F illustrates a schematic view of angular 
dependent photodetection and power generation during a 
day in real world , according to one or more embodiments of 
the present disclosure . For real - world photodetection and 
photovoltaic applications , light could incident from all 
directions , as indicated in FIG . 3F . Therefore , further angu 
lar dependent photodetection properties of the GQD - modi 
fied hybrid PD , pyramid structured Sip - n PD , and a standard 
Si p - n reference PD were characterized and shown in FIG . 
6 . FIG . 6 illustrates a graphical view of I - V characteristics 
of hybrid / GQDs photodetectors with various 850 - nm light 
propagation distance in the human finger tissue , according to 
one or more embodiments of the present disclosure . Since 
scattered infrared radiation is usually used in optical com 
munication and clinical examination such as oximeters , 
850 - nm illumination was applied for angular dependent 
characterization . Due to the micropyramid surface structure , 
the responsivity of the GQD - modified hybrid PD was 
enhanced in all AOIs as compared with standard Si p - n 
reference PD , which exhibited polished planar surface . 
[ 0069 ] FIG . 3G illustrates a graphical view of enhance 
ment of responsivity of hybrid / GQDs photodetectors mea 
sured at 0 V under 850 - nm light illumination , according to 
one or more embodiments of the present disclosure . As 

shown in FIG . 3G , under high AOIs ( 1759 ) , the enhance 
ment of responsivity was up to 2 . 5 folds , demonstrating 
excellent omnidirectional photodetection properties . In 
addition , to characterize the temporal resolution of the 
GQD - modified hybrid PD , rise and fall times of the device 
is measured and indicated in FIG . 3H and FIG . 31 . More 
specifically , FIG . 3H illustrates a graphical view of the rise 
time of hybrid / GODs photodetectors measured at O V under 
850 - nm light illumination , according to one or more 
embodiments of the present disclosure . FIG . 31 illustrates a 
graphical view of the fall time of hybrid / GQDs photodetec 
tors measured at O V under 850 - nm light illumination , 
according to one or more embodiments of the present 
disclosure . The rise and fall times of the device were ~ 60 us 
and ~ 70 us , responsively . The ultrafast response time indi 
cated here provides the capability for high - speed optical 
communication . 
10070 ] For demonstrating real - world cases , an oximetry 
experiment is designed to detect infrared light propagated / 
scattered in human finger tissue , as shown in FIG . 4A . FIG . 
4A illustrates a schematic view of 850 - nm light propagation 
measurement in human finger tissue , according to one or 
more embodiments of the present disclosure . As infrared 
light enters the human finger tissue , three types of photons 
including ballistic photons , quasi - ballistic photons , and dif 
fused photons were generated . The intensities of ballistic 
and quasi - ballistic photons were high . However , for con 
centrated tissue media , these types of photons were scarce 
and their interaction with biological tissue was weak , lead 
ing to poor resolution . Therefore , diffused photons were 
preferred for biological imaging . Since diffused photons 
interact strongly with surrounding tissue , their intensity was 
usually weak and require low - light - level photodetectors . 
The I - V characteristics of GOD - modified hybrid PD at 
different detection distance are shown in FIG . 6 . 
[ 0071 ] FIG . 4B illustrates a graphical view of hybrid / 
GQDs photodetector PDCR as a function of various 850 - nm 
light propagation distance in the human finger tissue ( light 
intensity ( Ilicht ) = 0 . 3x104 W / m ” ) , according to one or more 
embodiments of the present disclosure . In FIG . 4B , the 
GQD - modified hybrid PD exhibited enhanced PDCR as 
compared with standard Si reference PD for detection dis 
tance shorter than 3 cm . The PDCR of GQD - modified 
hybrid PD at the detection distance of 1 cm was nearly 100 , 
which is doubled compared with standard Si reference PD . 
Accordingly , the GQD - modified hybrid PD showed excel 
lent diffused photon collection capability for effective low 
light level biological imaging applications . 
[ 0072 ] It is clearly shown in the above discussion that the 
GOD - modified hybrid device exhibits self - power , omnidi 
rectional , and low - light detection properties . In the J - V 
curves shown in FIG . 2A , significant photovoltaic behavior 
was also indicated . 
[ 0073 ] FIG . 7 illustrates a graphical view of spectral 
responsivity of Si PN , pyramid Si , and hybrid / GQDs pho 
todetectors under 0 V , according to one or more embodi 
ments of the present disclosure . Compared with the standard 
Si p - n PD , the pyramid Si p - n device and the GQD - modified 
hybrid device showed enhanced spectral responsivity 
throughout the solar irradiance wavelength region due to 
increased photon absorption by structured surface and con 
current improvement of optical and electrical properties by 
GODs . It is well known that for standard AM 1 . 5 G solar 
irradiation , the photovoltaic performance of Si solar cells is 
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superior to that of hybrid ones . However , for low - light 
conditions , surface and bulk recombination in Si become 
more serious due to unfilled defects , resulting in decreased 
FF values . In contrast , for hybrid devices , PEDOT : PSS is an 
efficient hole transporting ( electron blocking ) material . 
Therefore , for low - light conditions , the FF of the hybrid 
device could increase tremendously . 
[ 0074 ] For real - world low - light demonstration , the GQD 
modified hybrid device and the commercial Si pyramid p - n 
device were measured under the three conditions indicated 
in FIG . 4C . The three conditions are ( i ) outdoor measure 
ment at 17 : 30 of a sunny day , ( ii ) outdoor measurement at 
13 : 00 of a cloudy day , and ( iii ) indoor LED measurement 
with a power density of 3 . 5 mW / cm² , respectively . The 
comparison of open - circuit voltage ( Voc ) , short - circuit cur 
rent ( Isc ) , fill factor ( FF ) , and power conversion efficiency 
( PCE ) of the two devices measured under condition ( i ) , ( ii ) , 
and ( iii ) are shown in FIG . 4D - G , FIG . 4H - K , and FIG . 
4L - O , respectively . 
[ 0075 ] FIGS . 4D - G illustrates a graphical view of a com 
parison of Voc ( FIG . 4D ) , Jse ( FIG . 4E ) , FF ( FIG . 4F ) , and 
PCE ( FIG . 4G ) between pyramid Si and hybrid / GQDs solar 
cells at 17 : 30 on Apr . 26 , 2014 ( Sunny ) at the location of 25° 
1 ' 7 " N and 121° 32 ' 31 " E , according to one or more 
embodiments of the present disclosure . FIGS . 4H - K illus 
trates a graphical view of a comparison of Voc ( FIG . 4H ) , J 
( FIG . 41 ) , FF ( FIG . 4J ) , and PCE ( FIG . 4K ) between 
pyramid Si and hybrid / GQDs solar cells at 13 : 00 on Apr . 27 , 
2014 ( Cloudy ) at the location of 25° 1 ' 7 " N and 121° 32 ' 31 " 
E , according to one or more embodiments of the present 
disclosure . FIGS . 4L - O illustrates a graphical view of a 
comparison of V . ( FIG . 4L ) , J . , ( FIG . 4M ) , FF ( FIG . 4N ) , 
and PCE ( FIG . 40 ) between pyramid Si and hybrid / GQDs 
solar cells under a LED with a power density of 3 . 5 
mW / cm ” , according to one or more embodiments of the 
present disclosure . It is shown that under these three low 
light conditions , the commercial pyramid Si p - n device 
shows higher Vor and Jsc values . However , the GQD 
modified hybrid device shows significantly higher FF for all 
three conditions , leading to higher PCE values . 
[ 0076 ] In summary , GQD - modified PEDOT : PSS / Si 
hybrid devices have been fabricated and characterized with 
self - power , low - noise . high - detectivity , omnidirectional , 
and high - speed properties for ideal low - light photodetection 
and photovoltaic applications . Under 532 - nm illumination , 
the detectivity of the device is up to 2 . 2x1011 Jones at O bias 
voltage . Infrared low - light detection at 850 nm has also been 
performed to demonstrate the capability for high - speed 
optical communication and biological imaging applications . 
In addition , outdoor weather dependent and indoor weak 
light photovoltaic characterizations have also been per 
formed to show enhanced fill factor ( FF ) in all weak light 
conditions due to efficient hole transporting ( electron block 
ing ) of PEDOT : PSS . Accordingly , the above - mentioned 
properties of the GOD - modified hybrid devices compatible 
with real - world functions hold the promise for sensitive 
photosensing , biological imaging , and low - light energy gen 
eration applications in the future . 
100771 Other embodiments of the present disclosure are 
possible . Although the description above contains much 
specificity , these should not be construed as limiting the 
scope of the disclosure , but as merely providing illustrations 
of some of the presently preferred embodiments of this 
disclosure . It is also contemplated that various combinations 

or sub - combinations of the specific features and aspects of 
the embodiments may be made and still fall within the scope 
of this disclosure . It should be understood that various 
features and aspects of the disclosed embodiments can be 
combined with or substituted for one another in order to 
form various embodiments . Thus , it is intended that the 
scope of at least some of the present disclosure should not 
be limited by the particular disclosed embodiments 
described above . 
[ 0078 ] Thus the scope of this disclosure should be deter 
mined by the appended claims and their legal equivalents . 
Therefore , it will be appreciated that the scope of the present 
disclosure fully encompasses other embodiments which may 
become obvious to those skilled in the art , and that the scope 
of the present disclosure is accordingly to be limited by 
nothing other than the appended claims , in which reference 
to an element in the singular is not intended to mean “ one 
and only one ” unless explicitly so stated , but rather “ one or 
more . ” All structural , chemical , and functional equivalents 
to the elements of the above - described preferred embodi 
ment that are known to those of ordinary skill in the art are 
expressly incorporated herein by reference and are intended 
to be encompassed by the present claims . Moreover , it is not 
necessary for a device or method to address each and every 
problem sought to be solved by the present disclosure , for it 
to be encompassed by the present claims . Furthermore , no 
element , component , or method step in the present disclo 
sure is intended to be dedicated to the public regardless of 
whether the element , component , or method step is explic 
itly recited in the claims . 
[ 0079 ] The foregoing description of various preferred 
embodiments of the disclosure have been presented for 
purposes of illustration and description . It is not intended to 
be exhaustive or to limit the disclosure to the precise 
embodiments , and obviously many modifications and varia 
tions are possible in light of the above teaching . The 
example embodiments , as described above , were chosen and 
described in order to best explain the principles of the 
disclosure and its practical application to thereby enable 
others skilled in the art to best utilize the disclosure in 
various embodiments and with various modifications as are 
suited to the particular use contemplated . It is intended that 
the scope of the disclosure be defined by the claims 
appended hereto 
[ 0080 ] Various examples have been described . These and 
other examples are within the scope of the following claims . 
What is claimed is : 
1 . A method of fabricating a photodetector and / or photo 

voltaic device , comprising : 
contacting an amount of graphene quantum dot ( GQD ) 

with poly ( 3 , 4 - ethylene - dioxythiophene ) polystyrene 
sulfonate ( PEDOT : PSS ) sufficient to form a solution ; 
and 

depositing the solution as a layer on a semiconducting 
substrate . 

2 . The method of claim 1 , wherein the amount of GQD in 
the solution ranges from about 0 . 1 wt % to about 10 wt % . 

3 . The method of claim 1 , wherein the amount of GOD is 
about 0 . 5 wt % . 

4 . The method of claim 1 , the solution further comprising 
one or more of dimethyl sulfoxide and a surfactant . 

5 . The method of claim 1 , the solution further comprising 
about 5 wt % of dimethyl sulfoxide . 
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6 . The method of claim 1 , the solution further comprising 
about 0 . 1 wt % of surfactant . 

7 . The method of claim 1 , wherein the depositing includes 
spin - coating . 

8 . The method of claim 1 , wherein the semiconducting 
substrate is selected from a Group IV elemental semicon 
ductor , Group IV compound semiconductor , Group VI 
elemental semiconductor , III - V semiconductor , II - VI semi 
conductor , I - VII semiconductor , IV - VI semiconductor , IV 
VI semiconductor , V - VI semiconductor , II - V semiconduc 
tor , I - III - VI , semiconductor , layered semiconductor , 
magnetic semiconductor , charge - transfer semiconductor , 
and combinations thereof . 

9 . The method of claim 1 , wherein the semiconducting 
substrate includes one or more of zinc , cadmium , aluminum , 
gallium , indium , thallium , carbon , silicon , germanium , tin , 
lead , arsenic , antimony , bismuth , sulfur , selenium , tellurium , 
and polonium . 

10 . The method of claim 1 , wherein the semiconducting 
substrate is a silicon substrate . 

11 . The method of claim 1 , wherein the semiconducting 
substrate is an n - type silicon substrate . 

12 . The method of claim 1 , further comprising depositing 
one or more of micropyramid arrays , nanowires , 

microwires , nanopillars , and microgrooves on a surface of 
the semiconducting substrate . 

13 . The method of claim 1 , further comprising depositing 
micropyramid arrays on a surface of the semiconducting 
substrate . 

14 . The method of claim 13 , wherein the micropyramid 
arrays are deposited via a chemical etching process . 

15 . The method of claim 1 , further comprising annealing 
the solution . 

16 . The method of claim 15 , wherein the solution is 
annealed at temperatures ranging from about 140° C . to 
about 180° C . 

17 . The method of claim 15 , wherein the solution is 
annealed at about 165° C . for about 10 minutes 

18 . The method of claim 1 , further comprising depositing 
electrodes on opposing surfaces of the semiconducting sub 
strate . 

19 . The method of claim 18 , wherein the electrodes are 
deposited via thermal evaporation . 

20 . The method of claim 18 , wherein the electrodes 
include one or more of Ag , Al , Au , Pt , and Ti . 


