
Electrical Polarization Induced Ultra-high Responsivity Photodetectors Based on 
Graphene and Graphene Quantum Dots 

Hybrid quantum dot-graphene photodetectors have recently attracted substantial interest owing to their 
remarkable performance and low power consumption. However, the performance of the device greatly 
depends on the interfacial states and photogenerated screening field. As a consequence, the sensitivity is 
limited and the response time is relatively slow. In order to circumvent these challenges, we have designed 
a composite graphene and graphene quantum dot (GQD) photodetector on Lead Zirconate Titanate 
(Pb(Zr0.2Ti0.8)O3) (PZT) substrates to form a ultra-sensitive photodetector over a wide range of illumination 
power. Under 325 nm UV light illumination, the device shows sensitivity as high as 4.06x109 AW-1, which 
is 120 times higher than reported sensitivity of the same class of devices. Plant derived GQD has a broad 
range of absorptivity and is an excellent candidate for harvesting photons generating electron-hole pairs. 
Intrinsic electric field from PZT substrate separates photogenerated electron-hole pairs as well as provides 
the built-in electric field that causes the holes to transfer to the underlying graphene channel. The composite 
structure of graphene and GQD on PZT substrate therefore produces a simple, stable, and highly sensitive 
photodetector over a wide range of power with short response time, which shows a way to obtain high 
performance optoelectronic devices.  

 

 

“This work has been identified as very important and very urgent by all of the reviewers as well as the 
editor of the journal and has been published with maximum priority.”   
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  1.     Introduction 

 Graphene is light, strong, nontoxic, and 
stable having a high carrier mobility 
as well as high optical transparency, 
making it a good material for optoelec-
tronic devices. [ 1–6 ]  Because single layer 
graphene (SLG) does not have optical 
bandgap, [ 4,7 ]  it can harvest only 2.3% of 
optical photons. [ 8 ]  On the other hand, gra-
phene has low density of states around 
Dirac point which makes its conductivity 
sensitive to perturbation from connected 
materials. [ 7,9 ]  Hence, composites of gra-
phene and a photon absorbing material is 
an effective way to create sensitive optoe-
lectronic devices. [ 10–14 ]  On the other hand, 
with the same allotrope of carbon having 
the dimension down to its Bohr radius, 
graphene quantum dot (GQD) is of great 
interest due to its size tunable optical 
response with large optical absorbance 
and the capability to generate multiple 
carriers. [ 15–17 ]  In addition, the combina-
tion of SLG and GQD have a unique band 
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alignment which favors selective transfer of photogenerated 
carriers from GQD to graphene. The GQD has been reported 
to have consistent photoresponse under continuous excitation 
with Xe lamp (450 W cm −2 ) for 1000 h. [ 17 ]  

 Piezoelectric materials have been extensively used in electro-
mechanical applications as a converter of ambient mechanical 
energy to electricity. [ 18–20 ]  Recent illustrations of using piezo-
electric substrate to tune transport mechanism in microelec-
tronic devices have drawn signifi cant attention to optoelectronic 
device applications. [ 21,22 ]  During the past few years, we devel-
oped optothermal fi eld effect transistor by replacing the gate 
dielectric SiO 2  by lead zirconate titanate (PZT). [ 23 ]  Chemical 
vapor deposition (CVD) grown graphene has been transferred 
to PZT substrate and covered by poly(3-hexylthiophene-2,5-diyl) 
(P3HT) to make hybrid graphene–organic photodetectors. [ 24 ]  
The intrinsic electric fi eld of PZT substrate can pass through 
SLG and is shown to help the transfer of photogenerated holes 
of P3HT to the graphene channel, enhancing the responsivity 
ten times that of SiO 2  substrate. [ 24 ]  

 Indeed, graphene based composites have enormous poten-
tial of becoming highly sensitive photodetectors due to their 
ultrahigh response to the incoming photons taking advan-
tage of high carrier mobility of graphene and high absorption 
property of the composite material. [ 25–29 ]  However, at lower 
illumination power, the defect trap states at the graphene/
photoabsorber interface limit the photoresponsivity ( R  Ph ) to 
≈10 7 A W −1 . Meanwhile, the device suffers an abrupt fall of 
 R  Ph  at higher illumination power because of the screening 
of the built-in electric fi eld by the accumulation of charges 
in the photon absorbing materials. [ 10 ]  Here, we create a com-
posite photodetector of graphene and GQD on PZT substrate 
showing enhanced  R  Ph  in a wide range of illumination power 

with rapid response time, taking advantage of the electric 
fi eld provided by the piezoelectric substrate. Since PZT, gra-
phene, and GQD are stable in atmosphere, the composite 
photodetector will have a wide range of applications in optical 
communication, remote sensing, optoelectronic circuits, bio-
medical imaging, and quantum information technology.  

  2.     Results and Discussion 

  2.1.     Device Structures and Characteristics of Component 
Materials 

 To demonstrate the effect of PZT substrates, two different 
devices have been designed on PZT substrates having oppo-
site polarization of PZT electric fi eld ( E  P ), which is parallel 
and antiparallel to the direction of built-in electric fi eld ( E  B ). 
A standard device is also built on SiO 2  for comparison. More 
detailed description of device fabrication is given in the Experi-
mental Section. The structure of the composite photodetector is 
shown in  Figure    1  a with GQD particles on top of graphene that 
was deposited on the PZT substrate having polarization in the 
vertical direction, i.e., parallel to  E  B . The device on PZT having 
 E  P  pointing downward, termed DPZT is shown in Figure  1 b. 
The device with  E  P  pointing upward is termed UPZT. The 
energy band diagram with different electric fi elds present in the 
composite is shown in Figure  1 c for the DPZT device under the 
illumination of 325 nm laser. Transmission electron microscope 
(TEM) image of GQD coated on the device as a photon har-
vester is shown in  Figure    2  a indicating individual particles with 
average size of 5–7 nm. The appearance of D band and G band 
around 1300 and 1544 cm −1 , respectively, in Raman spectra 
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 Figure 1.    a) Schematic diagram of device on PZT having downward polarization. b) Cross-sectional view of the device. c) Energy band diagram 
with different directions of electric fi eld originated after coating the GQDs and illuminated by laser.  E  B  is the built-in electric fi eld at graphene–GQD 
junction, directed from GQD to graphene.  E  P  represents the electric fi eld due to the bound charges in the PZT substrate directed parallel to  E  B .  E  C  
is the electric fi eld due to the parallel plate capacitor effect when electrons are accumulated in GQD and holes being transferred to graphene, as in 
(b).  E  C  is directed opposite to  E  B .
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in Figure  2 b confi rms the GQDs are composed of graphene 
fl akes. The intensity ratio of D to G band is found to be around 
0.90 corresponding to a GQD of 1–3 layers of graphene. [ 17,30,31 ]  
Figure  2 c indicates UV–vis absorption and normalized photolu-
minescence (PL) emission of GQD. The absorption spectrum 
shows that GQDs have strong absorbance starting around 
600 nm. The PL emission spectrum shows the emission peak 
located around 523 nm under the illumination of He Cd laser 
beam of wavelength 325 nm. Raman spectrum of the graphene 
layer on PZT and SiO 2 , respectively, is shown in Figure  2 d. 
The absence of D band of the graphene on SiO 2  confi rms that 
the graphene is almost defect free. [ 32,33 ]  The appearance of D 
band around 1323 cm −1  with the sample on PZT is likely due to 
PZT's rough surface. The small spikes around the G peak are 
the Raman signals from the PZT substrate. The intensity ratio 
of G to 2D band is 0.72 (<1) confi rming that it is single layer 
graphene. [ 34 ]  

     2.2.     Responsivity of Device Performance 

 The device performance has been examined by measuring 
the  I  D  value as a function of  V  DS  as shown in  Figure    3  . 
The change of conductance in graphene channel after the 
illumination of UV-laser of various power is described by the 
photoresponsivity of the device as Equation  ( 1)  , where Δ I  is 
the change in photocurrent (Δ I  = | I  Illumination  −  I  Dark |) and  P  

is the total UV-laser illumination power on the device active 
area (6 µm × 19 µm) [ 11,12 ] 

    

(A)
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I

P
=

Δ
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 Figure  3 a shows the  I  D  versus  V  DS  plot taken at illumination 

power varying from 25 to 525 fW for DPZT devices. A clear 
change in photocurrent from dark to light has been observed 
at different light intensity down to several fW laser power. 
A highest  R  Ph  of 4.06 × 10 9  A W −1  was obtained. Figure  3 b 
 represents the  I  D  –V  DS  plot for the device on SiO 2 . The data 
have been taken with illumination power varying from 0.3 to 
900 pW. There is relatively smaller change in current resulting 
in a maximum photoresponsivity of ≈3 × 10 7  A W −1 , which is in 
good agreement with previous results from Cheng et al. [ 12 ]  and 
Konstantatos et al. [ 10 ]  The  I  D  –V  DS  curve for the device on UPZT 
is shown in Figure  3 c. Very little current change was found for 
the power down to several pW. The device shows maximum 
photoresponsivity of 1.5 × 10 5  A W −1 . A comparison of photore-
sponsivity for the three different devices under a wide power 
range is plotted in Figure  3 d. At lower power, the DPZT device 
shows a transpicuous enhancement of responsivity by 120 
times than SiO 2  device. In addition, the responsivity for DPZT 
device is >10 7  up to nW range of power, while for SiO 2  device 
it starts to drop abruptly at a power higher than ≈50 fW. On 
the other hand, the opposite effect of the polarization in UPZT 
device has reduced the responsivity ≈200 times than SiO 2  
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 Figure 2.    a) High-resolution transmission electron microscope (HRTEM) image of graphene quantum dot (GQD). b) Raman spectrum of GQD at 
488 nm excitation. c) UV–vis absorption (red) and photoluminescence emission (blue) of GQD at 325 nm excitation. d) Raman spectrum of single 
layer graphene (SLG) on PZT (red) and SiO 2  (blue) at 633 nm excitation.
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device. We performed the photocurrent measurement of SLG/
DPZT, SLG/SiO 2 , and SLG/UPZT as shown in Figure S1 (Sup-
porting Information). The small and similar changes of photo-
current related to the gas molecular desorption [ 35 ]  confi rm that 
the optical bandgap excitation of ferroelectric substrate PZT 
has no contribution in the measured photocurrent, because the 
photon energy of the incident light is smaller than the bandgap 
of PZT. [ 36 ]   

  2.3.     Underlying Mechanism for Ultrahigh Responsivity 

 To explain the reason behind the high photoresponsivity, we 
have investigated the change in Fermi energy (Δ E  F ) with laser 
power by performing transport measurement over a wider 
range of laser power. We measured the magnitude of Dirac 
point shift,  | Δ V  g  |  as a function of total illumination power ( P ) 
on the device and calculated Fermi energy change by using 
Equation  ( 2)  

    
απ( )( )Δ = Δ ΔSign ,F g F g

1/2
E V v V�

  
(2)

 

 where  α  is gate capacitance and  ν  F  is the velocity of the carriers 
at Fermi level. [ 37 ]  A plot of  | Δ V  g  |  and  | Δ E  F  |  against laser power 
( P ) is shown in Figures S2 and S3 (Supporting Information). 
Figure  3 e shows the variation of  E  F  per unit power,  | Δ E  F  | / P , 
against the applied power ( P ) for the three devices. A linear 
change in  | Δ E  F  | / P  with applied power ( P ) for DPZT signifi es a 

smooth change in  E  F  of graphene with  P , over the whole laser 
power range. A change in slope of  | Δ E  F  | / P  versus  P  curve for 
SiO 2  and UPZT in lower power range indicates a much smaller 
change in  E  F  with power for the two devices. Thus, a loss of 
photogenerated carriers occurred during charge carrier transfer 
to the graphene for these two devices which can be correlated to 
carrier trapping in the graphene–GQD interface defect states. 
This could be the reason of the limited responsivity ≈10 7  for 
SiO 2  and ≈10 5  for UPZT device. 

 More clear description can be given by accounting different 
electric fi elds present in the composites. As the  E  F  of graphene 
is very sensitive to external perturbations, different electric 
fi eld inside the composite has different contribution to the  E  F  
as the laser power is varied. For graphene–GQD system there 
is a built-in electric fi eld ( E  B ) at the graphene–GQD interface. 
After the generation of e–h pairs by the illumination of pho-
tons, holes/electrons are transferred to the graphene keeping 
electrons/holes on the GQD. An additional electric fi eld, 
( E  C ), directed opposite to the built-in electric fi eld, is gener-
ated due to the charge accumulation. [ 10 ]  The effective fi eld 
experienced by the carriers can be described as  E  eff  =  E  B  −  E  C . 
At higher illumination power more electron–hole pairs are 
generated. Hence, more electrons/holes are accumulated on 
GQD, which makes  E  C  larger. At the same time, more holes/
electrons are transferred to the graphene which makes Fermi 
level lower/higher reducing  E  B . Thus,  E  eff  decreases very rap-
idly with increasing laser power (until the net e–h pair genera-
tion becomes saturated in the light absorber), which results 
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 Figure 3.    a–c) The dependence of  I  D  on  V  DS  for different laser power, of the devices deposited on DPZT, SiO 2 , and UPZT substrate, respectively. Insets 
in the pictures are the optical microscopy images of the respective devices. Note that DPZT device can provide a signifi cant photocurrent at an illumina-
tion power ≈fW, whereas SiO 2  and UPZT device need >100 fW and >pW, respectively. No gate voltage is applied for the measurement. d) Dependence 
of photoresponsivity ( R  Ph ) of the devices on applied power for three different substrates.  R  Ph  was calculated by Equation  ( 1)   at  V  DS  = 1.0 V. e) Shift of 
Fermi energy per unit change of input power for the devices as a function of incoming photon power. f) Photocurrent gain (Γ) of the three devices. All 
the lines in (d)–(f) are drawn to guide the eye.
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in a rapid reduction of photoresponsivity at power >50 fW for 
the device on SiO 2 . In contrast, for the device on DPZT, the 
intrinsic electric fi eld of the PZT substrate ( E  P ) has the same 
direction as  E  B , as shown in Figure  1 c. The effective electric 
fi eld ( E  eff ) to the carriers can be expressed as  E  eff  =  E  B   + E  P  −  E  C . 
Thus,  E  P  provides an extra drift force to the photogenerated 
carriers resulting in lesser recombination at the interfacial 
trapping states. Hence, we have observed a linear change in 
 | Δ E  F  | / P , i.e., a linear change of graphene Fermi energy with 
power making the device ultrasensitive at lower laser power. 
Furthermore, the presence of  E  P  counter balances the effect 
of  E  C , which maintains the responsivity >10 7  A W −1  up to 
laser power ≈nW. On the other hand, the opposite direction 
of  E  P  with  E  B  for UPZT device results in  E  eff  =  E  B  − ( E  P   + E  C ), 
causing rapid reduction of responsivity as well as less photo-
current gain. 

 It is worth mentioning that the photoresponsivity can be 
further enhanced by reducing the device dimension. Reducing 
the channel length, the fl ow path of holes on graphene causes 
more recirculation of holes on graphene channel and enhances 
the responsivity. Furthermore, reducing the channel length 
can increase the in-plane electric fi eld applied by  V  DS , which is 
desirable for low power devices.  

  2.4.     Photocurrent Gain of Device Performance 

 Another way of comparing the effect of polarized fi eld on the 
device is to look at the dimensionless photocurrent gain as 
defi ned in the following Equation  ( 3)  

    

/
/

1
,

I q

P hv η
Γ = Δ ×

  
(3)

 

 where Γ is the photocurrent gain, Δ I  is the current difference 
between illumination and dark condition,  q  is the electronic 
charge,  P  is the incident power,  hν  is the photon energy of inci-
dent light, and  η  is the quantum effi ciency for carrier genera-
tion per unit photon absorption. [ 38 ]  For simplicity in comparing 
the effect of substrate,  η  is assumed to be 1. [ 11 ]  The calculated 
gain is plotted in Figure  3 f. It shows that the maximum photo-
current gain are ≈10 10 , 10 8 , and 10 5  for GQD/graphene/DPZT, 
GQD/graphene/SiO 2 , and GQD/graphene/UPZT, respectively. 
The results are consistent with that found in Figure  3 d.  

  2.5.     Substrate Dependent Charge Carrier Transport in the 
Composite Device 

 To investigate the carrier transport properties in the device, we 
have analyzed the transport characteristics in different condi-
tions such as (i) graphene on PZT/SiO 2  without GQD, (ii) gra-
phene on PZT/SiO 2  with GQD in the dark, and (iii) graphene on 
PZT/SiO 2  with GQD under light illumination at similar power. 
 Figure    4  a–c shows the transfer characteristics of the DPZT, 
SiO 2 , and UPZT devices in different situations as described in 
the fi gures. It is observed that after spin-coating the GQD on 
DPZT device, Δ V  g  is 41.50 V toward left (i.e., Δ V  g  = −41.5 V), 
while for SiO 2 , it is 18.95 V toward right (i.e., Δ V  g  = +18.95 V). 
Furthermore, under 325 UV-light illumination, Δ V  g  is 24.42 V 
toward right (Δ V  g  = +24.42 V) for DPZT, whereas it is 15.80 V to 
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 Figure 4.    a–c)  I  D  versus  V  g  plot for the device on DPZT, SiO 2 , and UPZT, respectively, for the three different conditions: graphene, graphene–GQD, 
and graphene–GQD under light illumination, with  V  DS  maintained at 0.2 V. Note that the scale of the right axis is signifi cantly higher than that of the 
left axis indicating much higher current. d–f)  I  D  versus  V  DS  curves taken at the same conditions keeping  V  g  at 0 V. 325 nm laser was used to illuminate 
the device.
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the left for SiO 2  (Δ V  g  = −15.80 V). (UPZT device behaves the 
same as the DPZT device with smaller Δ V  g .) A change in 
Fermi level (Δ E  F ) has been estimated using the shift of Dirac 
point (Δ V  g ) by Equation  ( 2)  , as shown in Table S1 (Supporting 
Information).  

 Drain current ( I  D ) as a function of drain to source voltage 
( V  DS ) was measured, in the same conditions as above, and the 
results are shown in Figure  4 d–f for the DPZT, SiO 2 , and UPZT 
devices, respectively. Figure  4 d shows a decrease in conduct-
ance once GQD is coated on the device. This is due to the fact 
that electrons from GQD are transferred to graphene, which 
makes the graphene layer less p-type. Under light illumina-
tion, the photogenerated holes from GQD are transferred to 
the  graphene layer due to favorable band alignment making the 
graphene more p-type and causing an increase of conductance. 
On the other hand, after coating the GQD on the SiO 2  device 
the conductance increases due to the transfer of electrons from 
graphene to GQD which makes the graphene channel more 
p-type. After illumination of light the conductance decreases 
because of photogenerated electron transferred from GQD 
to graphene which explains the  I  D – V  DS  characteristics in 
Figure  4 e. In Figure  4 f, UPZT shows similar behavior as DPZT 
with smaller magnitudes. 

 The optoelectronic phenomena can be understood by the 
band diagrams of the various devices shown in  Figure    5  . SiO 2  
wafer is a well-established material with good quality and little 

defects on its smooth surface. On the other hand, PZT is a 
multicomponent material having many defects on its surface. 
After depositing graphene on substrates, the electrons from 
graphene may transfer to the interface defect states of both 
SiO 2  and PZT. As PZT having more defects at the interface, 
more electrons will be transferred to PZT than SiO 2 . Thus, we 
expect Δ V  g  to be larger for the PZT device than the SiO 2  device, 
consistent with the measurement results. Therefore, the Fermi 
level of graphene on PZT device will be shifted downward more 
than that on SiO 2 , as shown in Figure  5 a,d,g.  

 The GQD is a p-type material [ 27,31,39 ]  and its  E  F  is closer to 
the  E  F  of freestanding SLG. Due to the different shift of  E  F  by 
different substrate, the  E  F  of graphene/PZT will have a lower 
value while the  E  F  of graphene/SiO 2  will have a higher value 
than that of GQD. Thus, after spin-coating the GQD on gra-
phene/PZT, the electrons from GQD will move to SLG which 
creates a built-in electric fi eld in the interface directed from 
GQD to graphene and band bending to the upward direction 
toward graphene as shown in Figure  5 b,h. On the other hand, 
after spin-coating the GQD on graphene/SiO 2 , electrons from 
SLG will move to GQD generating a built-in electric fi eld to 
the opposite direction and downward band bending toward 
graphene as shown in Figure  5 e. Thus, the transfer charac-
teristics of DPZT devices show left shift of Δ V  g  (positive Δ V  g ) 
whereas SiO 2  shows right shift of Δ V  g  (negative Δ V  g ), causing 
the Fermi level of graphene to increase for PZT devices and 
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 Figure 5.    Energy band diagram of the devices at different conditions: a,d,g) Change in Fermi level ( E  F ) after transferring single layer graphene 
(SLG) on DPZT, SiO 2 , and UPZT, respectively. b,e,h) The energy band diagram after spin-coating the GQD on the top of SLG/DPZT, SLG/SiO 2 , and 
SLG/UPZT, respectively. c,f,i) Transport of photogenerated carriers after the illumination of 325 UV laser on the device. The charges fl ow in different direc-
tion depending upon the nature of band bending. The effects of UPZT are similar to that of DPZT except at smaller magnitude and smaller band bending.
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decrease for SiO 2  devices, respectively. Under the illumina-
tion of UV-laser, due to the nature of built-in electric fi eld, 
photogenerated holes transfer to graphene, which reduces the 
 E  F  for graphene/PZT device (Figure  5 c,h), but photogenerated 
electrons transfer to graphene/SiO 2  (Figure  5 f) which increases 
its  E  F . These behaviors are consistent with the results of Dirac 
point shift measurement. Due to the nature of built-in electric 
fi eld, graphene/SiO 2  devices have negative photocurrent, while 
graphene/PZT devices have positive photocurrent. 

 According to our observation, the relative position of Fermi 
energy of graphene and GQD determines the nature of built-
in electric fi eld which causes the transfer of photogenerated 
charges from GQD to graphene, which in turn sets the polarity 
of a photodetector. In a real device, if the Fermi energy of gra-
phene ( E  FG ) − Fermi energy of QD ( E  FQD ) > 0, the composite 
device works as a negative polarity photodetector, whereas  E  FG  
− E  FQD  < 0 produces a positive polarity photodetector.  

  2.6.     Dynamic Photoresponse and Response Time 

 A comparison of dynamic response curve with different sub-
strates is shown in  Figure    6  a. For simplicity, we compared the 
change in photocurrent (Δ I  =  I  Illumination  −  I  Dark ) rather than the 
photocurrent itself. It is clear from the fi gure that Δ I  for GQD/
graphene/DPZT is higher than GQD/graphene/SiO 2 , which is 
in turn higher than that of GQD/graphene/UPZT. The result 
is obvious due to the bound charge effect of PZT substrate 
which gives intrinsic electric fi eld in and out of favor of charge 
transfer for GQD/graphene/DPZT and GQD/graphene/UPZT, 

respectively. A comparison of dynamic behavior of the GQD/
graphene/DPZT device under different illumination power is 
also shown in Figure  6 b. The transient behavior of the devices 
can be fi tted with Equations  ( 4)   and  ( 5)   as shown below for 
switch on and switch off state, respectively [ 25,40 ] 

    
τ τ{ } { }( ) ( )Δ = Δ − − + Δ − −1 exp / 1 exp /DS 1 1 2 2I I t I t

  
(4)

  

    
τ τ{ } { }( ) ( )Δ = Δ − + Δ −exp / exp / .DS 3 3 4 4I I t I t

  
(5)

    

 Here,  τ  1  and  τ  2  can be correlated with relaxation time to 
transfer holes from GQD to graphene and charge transfer 
inside GQD matrix. In Equation  ( 5)  ,  τ  3  and  τ  4  can be correlated 
as the lifetime of electrons and charge transfer inside GQD 
network (similar to  τ  2 ), respectively. Transient response fi tted 
by Equations  ( 4)   and  ( 5)   is shown in Figure  6 d. Extracted value 
of all time constants are tabulated in  Table    1  . Lower values of  τ  1  
and  τ  2  for DPZT and higher values for UPZT device compared 
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  Table 1. Relaxation time extracted by using Equations  ( 3)   and  ( 4)   at an 
incident power of 20 nW.     

Relaxation time 
[s]

DPZT SiO 2 UPZT

 τ  1 0.301 0.612 0.801

 τ  2 1.161 5.041 10.202

 τ  3 4.930 0.951 0.720

 τ  4 15.27 12.313 8.520

 Figure 6.    a) Transient response of the devices designed on DPZT, SiO 2 , and UPZT for 180, 200, and 200 pW, respectively, at 325 nm illumination. 
b) Temporal photocurrent response of DPZT device on different power of incoming 325 nm laser. Red curve indicates the transient behavior of incoming 
laser while blue line is the response of DPZT device on incoming radiation. c) Dependence of response time of three different devices on incoming 
power. Response time ( τ  1 ) was calculated by Equation  ( 4)  . d) Curve showing the fi tting of transient response curve with Equations  ( 4)   and  ( 5)  .
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to SiO 2  indicate that  E  P  has strong effect on charge transfer. 
Presence of  E  P  in DPZT provides an additional fi eld with built-
in electric fi eld which helps transfer the charges faster than 
that in SiO 2 . Data shown in Table  1  are taken under the illu-
mination of 20 nW power. A minimum value of 81 and 502 ms 
of  τ  1  and  τ  2 , respectively, for DPZT is found at 1 fW power, 
which is ten times faster than that of the SiO 2  device. A com-
parison of the value of  τ  1  for a wide range of power is shown 
in Figure  6 c. The enhancement of  τ  1  at lower power for UPZT 
and SiO 2  can be correlated to the carrier trapping at the gra-
phene–GQD interface. The anomalous nature of  τ  1  for DPZT 
can be inferred as combined effects of carrier trapping and 
screening of  E  B  by  E  C . When the illumination power is reduced 
from higher to lower,  τ  1  increases, which is due to small car-
rier trapping effect similar to the standard SiO 2  device. At 
even lower power (<50 pW) the device responds faster, which 
could be due to less screening in  E  B . The behavior of dynamic 
response curve in Figure  6 b changes with power is consistent 
with the earlier responsivity and response time results. 

     3.     Conclusions 

 In laser based fi ber-optic communication system, a highly sen-
sitive photodetector is desired to decode the incoming optical 
signals to electrical signal. A photodetector with ultrahigh 
responsivity in a wide range of illumination power is thus nec-
essary to design the decoders. In principle, the special separa-
tion of photogenerated charges and ability of its transfer to the 
underlying graphene channel plays a dominating role over the 
control of responsivity and response time. Thus, trapping of the 
photogenerated carriers at the interface limits the responsivity. 
Charging effect in GQD under intense illumination drastically 
reduces the responsivity of the device due to the screening of 
built-in electric fi eld. Here, we provide a feasible approach to 
overcome the trapping as well as screening effects in the device 
to maintain the high responsivity over a wide range of illumi-
nation power with the assistance of PZT substrates. The pho-
todetector on PZT substrate with polarization toward built-in 
electric fi eld has an ultrahigh responsivity exceeding 10 9  A W −1  
and ≈10 times faster response. The device is simple to fabri-
cate and stable in normal atmosphere. In addition, the GQD is 
derived from Neem ( Azadirachta indica ) leaf which also shows 
a pathway for plant-inspired optoelectronics.  

  4.     Experimental Section 
 Commercial, 127 µm thick, PZT (T105-A4E-602, Piezo-System, Boston, MA) 
was used as a substrate. It was electroded by Ni and poled perpendicular 
to its surface by the manufacturer. The electrodes were removed by HNO 3  
etching and used as a substrate for graphene deposition. 

 GQD was prepared according to a previous report. [ 17 ]  In the 
method, 250 mg of Neem leaf was extracted in 20 mL of DI water. The 
mixture was hydrothermally treated at 300 °C for 8 h in an autoclave. 
To remove the larger fl akes, it was then centrifuged at centrifuging 
force of 25 000 for 20 min. The GQD solution was then dialyzed in 
ultrapure water for 24 h. The solution was then dried at 60 °C in an 
oven for overnight to get pure GQD. The photoluminescence, Raman, 
and UV–vis absorption spectrum was taken at ambient condition. 
325 and 488 nm laser was used to study photoluminescence and Raman 
spectrum, respectively. 

 Graphene was grown in standard CVD method. [ 41 ]  To enhance the 
quality of graphene, 99.98% pure copper foils made of Aldrich was used. 
Before CVD deposition, the copper foils were polished by electrolysis 
of 85% H 3 PO 4  for 17.5 min at 1.7 V. To avoid host atom doping into 
the copper during electrolysis, a counter electrode of copper was used. 
The polished copper was then put in to the CVD furnace for 60 min to 
preanneal at 1000 °C with 60 SCCM H 2  fl ow before growing graphene. 
Then 3.4 SCCM methane was allowed to fl ow for next 30 min keeping the 
previous condition same. A single layer graphene was deposited on both 
sides of the copper due to chemical reaction of H 2  and CH 4  at 1000 °C. 
To transfer the graphene on SiO 2  and PZT, PMMA on Cu/graphene was 
coated and fl oated it on Fe 2 (NO 3 ) 3  solution to etch the Cu. When the 
copper was completely etched, the graphene/PMMA was transferred on DI 
water to wash out the remaining Fe 2 (NO 3 ) 3  from it. Finally, it was collected 
on the top of SiO 2  and PZT substrates. To wash out the PMMA from SiO 2 , 
it was immerged in the sample acetone at 80 °C for few minutes. Then it 
was dried. For PZT sample, PZT/graphene/PMMA composite was kept into 
a steady fl ow acetone vapor for 15–20 min; the sample was then washed 
by acetone and dried it. The quality of the graphene was investigated by 
performing the Raman spectroscopy with an excitation of 633 nm laser. 

 T1000 Cu mesh of Electron Microscopy Science was used as a 
mask to pattern the electrodes on the graphene/PZT and graphene/
SiO 2  fi lm which can produce 6 µm × 19 µm device with 6 µm channel 
length as shown in the inset of Figure  3 a––c. After masking the active 
area, 5 nm of Ti and 100 nm Au were then deposited on it by thermal 
evaporator. Finally, the copper mask was taken out and GQD solution 
was spin-coated on the device. To improve the junction between GQD 
and graphene, the device was annealed for 5–10 min at 80 °C. 

 To get the optimum thickness of GQD layer, device with different 
thickness of QD layer was made by varying the spinning speed of 
the spin coater as shown in Figure S4 (Supporting Information). The 
optimum thickness of QD layer was achieved to show highest response 
is 46 nm, Figure S5 (Supporting Information), which is approximately 
equivalent to 6–7 layers of GQD. 

 Transfer characteristics of the device were measured using 4156C 
semiconductor parameter analyzer of Agilent. Dynamic response was 
carried out by Keithley 236 electrometer and 325 nm He Cd UV laser. All 
the characterizations of the device were performed in ambient conditions.  

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