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1. Introduction

The synergic combination of nanomaterials with different
dimensionalities, such as 2D materials and nanocrystals
(NCs), is a promising strategy for application in optoelectronics,

such as photodetectors,[1–8] as well as elec-
trochemical devices[9] including memo-
ries[10–13] and sensing,[14,15] leveraging on
the different characteristics of their compo-
nents. The sensitivity of these hybrid sys-
tems to both their interface chemistry
and physics and external stimuli such as
light or electric field allows, on one hand,
to develop efficient devices, and on the
other hand, to study in depth the interface
phenomena related to electron and ion
transport.

For example, the optical absorption of
NCs[5,16–18] can be combined with the excel-
lent electrical conduction of graphene[19,20]

in highly responsive hybrid NC/graphene
phototransistors.[6,21–23] In these devices,
photoexcitation occurs in the NC layer,
and the physical separation of electrons
and holes (which are transported to the
graphene channel) induces a shift of the
gate response of the graphene transistor
resulting in a large light-induced current
modulation. In this configuration, low light
absorption in graphene and low electronic

mobility in NC films are circumvented.[24] A similar approach
can be extended also to other 2D materials.[25,26] The response
efficiency and the speed of the device are related to the charge
dynamics between the NC and the graphene layer,[8] and several
interesting fundamental aspects can be investigated, such as the
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Mixed-dimensional systems host interesting phenomena that involve electron
and ion transport along or across the interface, with promising applications in
optoelectronic and electrochemical devices. Herein, a heterosystem consisting of
a graphene monolayer with a colloidal Ag2S nanocrystal film atop, in which both
ions and electrons are involved in photoelectrical effects, is studied. An inves-
tigation of the transport at the interface in different configurations by using a
phototransistor configuration with graphene as a charge-transport layer and
semiconductor nanocrystals as a light-sensitive layer is performed. The key
feature of charge transfer is investigated as a function of gate voltage, frequency,
and incident light power. A simple analytical model of the photoresponse is
developed, to gain information on the device operation, revealing that the
nanocrystals transfer electrons to graphene in the dark, but the opposite process
occurs upon illumination. A frequency-dependence analysis suggests a fractal
interface between the two materials. This interface can be modified using solid-
state electrochemical reactions, leading to the formation of metallic Ag particles,
which affect the graphene properties by additional doping, while keeping the
photoresponse. Overall, these results provide analytical tools and guidelines for
the evaluation of coupled electron/ion transport in hybrid systems.
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effect of light power, or the frequency response of the device,
toward improved performances compared to reported figures
of merit.[2]

For other applications, such as memory devices[27–29] or
neuromorphic computation,[30–32] it is important to assess the role
of ion transport and electrochemical reactions at the interface.

In these cases, graphene, for its inert nature, can serve as a
counter electrode[33,34] in devices in combination with mixed
ion–electron conductors, and allow for good electronic conduc-
tion that enables solid-state reactions.[35] Good ion conduction
can result from a crystal structure in which activation energy
for favorable interstitial location of mobile ions is low,[36] or,
in the case of NCs and nanostructured materials, from the pres-
ence of defects and grain boundaries.[35,37]

In addition to the research efforts focused on device perfor-
mance, one of the key tools toward the development of efficient
devices is the understanding of the interface properties.[2,8,38,39]

To this aim, several techniques, such as time-resolved optical
spectroscopy[40–42] and scanning probe microscopy,[43,44] have
been applied, but they require specialized equipment and careful
protocols. Photocurrent response measurements, on the other
hand, are commonly used in device characterization for the esti-
mation of the figures of merit; in addition, they can provide valu-
able information on the phenomena involving light absorption
and charge dynamics at the interface, when supported by a device
model that can be easily implemented and extended.[45]

Therefore, here, we study a multifunctional device for interface
modeling purposes, comprising a Ag2S NC layer crossbar atop a
graphene monolayer. Ag2S NCs have demonstrated promising
perspective as nontoxic material for photodetectors.[4,46] The
Ag2S NCs can serve several purposes as follows: 1) it is a semicon-
ductor which can act as a light absorber, 2) it is a ionic conductor,
and 3) it can host solid-state reactions (with the help of an active Ag
electrode) to have the in situ formation of metallic Ag particles.[47]

In fact, because of properties (2) and (3), Ag2S has been success-
fully used for memories.[27,47–50] We use graphene as a back-gated

field-effect transistor (FET), thus enabling phototransistor
measurements. The proposed design has, in principle, several
operation modes: phototransistor, photodiode, memristor, or opti-
cal memory,[10] of which we describe potentiality and limits. At the
same time, it enables an in-depth study of interface effects on ionic
and electronic transport. Concretely, we focus on the photodetec-
tion experiments using the photoinduced doping due to charge
transfer between NCs and graphene, which provide interesting
information on the nature of the interface. We developed a simple
analytical model to describe the device behavior. In addition, using
solid-state reaction in the NC layer, we show the effect of the
formation of metallic Ag particles on the device, and visualize
the ion transport paths in the Ag2S NC layer.

The developed model allows to identify, in the photoresponse,
the contribution of the different components of the device, and to
find the type of doping and photodoping, and the frequency
response of the phototransistor, contributing to a solid founda-
tion for understanding of photodetectors built with graphene and
NCs, as well as other hybrid devices.

2. Device Design and Fabrication

The device design is a crossbar geometry with a large graphene
transistor overlapped by a patterned layer of colloidal Ag2S NCs
(Figure 1a,b), defined by electron beam lithography (EBL) (see
the Experimental section for details). The graphene layer
(grown by chemical vapor deposition, CVD, and transferred
onto a Si/SiO2 substrate) has Ti/Au ohmic contacts, whereas
two different electrodes were made for the NCs layer: Ti and
Ag, the latter to allow the electrochemical conversion
of the Ag2S NCs to metallic Ag particles, and therefore to
manipulate the interface.

We first describe the characteristics of the graphene, then
how the incorporation of the Ag2S NC layer affects the electrical
properties of the graphene transistor and phototransistor.

Figure 1. a) Scheme of the device design. b) Optical image of a standard devices. Scale bar is 20 μm. c) Source–drain resistance measured at a source–drain
bias of 0.1 V, as a function of gate voltage for Device A, acquired in the dark before (lower part) and after (upper part) the NC deposition. Lower curve is offset
by �3 kΩ for clarity. Symbols are experimental data. The orange and blue curve for the upper part are the two terms as described in Equation (2). The red
curve is the complete fit.
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Finally, by using a solid-state reaction to partially convert the
Ag2S NCs to Ag particles, we study the photoresponse of the
resulting device.

The source–drain resistance versus gate voltage curve
(Rsd–VG) of the graphene FETs (GFETs) before Ag2S NC layer
deposition (Figure 1c, lower part) has a symmetric peak around
the Dirac point at VG�þ8 V, indicating p-type doping. To
analyze the electrical properties, we use a simple model for
the GFET,[51] valid for small source–drain voltage. It includes
the residual carrier density n0 and a single field-effect mobility
μ for electrons and holes

RðVG,VDÞ ¼
1

eW
L μ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n20 þ C2

G
e2 ðVG � VDÞ2

q (1)

where W and L are the width and length of the channel, and CG

the gate capacitance per unit area; a constant series resistance Rc

can also be added. The experimental curve is well fitted by this
model. The best fit for the bare graphene gives n0� 0.3� 1012 cm�2

and μ� 6000 cm2 V�1 s�1, as reported in Table 1.
The incorporation of the NC layer modifies the Rsd–VG curve

(Figure 1c, upper part). The curve has a broader peak, and it is
slightly asymmetric. To address the modified device, we extend
the model in Equation (1) considering the series of two GFETs,
and we write the total resistance as the sum

RsdðVGÞ ¼ RC þ R1ðVG,VD1Þ þ R2ðVG, VD2Þ (2)

The two terms can be assigned to the part not covered with
NCs (bare graphene) and the part covered with NCs (gra-
phene/NC heterostructure). The best fit yields a component
(R1) with Dirac voltage and residual carrier density correspond-
ing to that observed for bare graphene (see Table 1), and
therefore attributed to the noncovered part. The second component
R2 has Dirac voltage shifted toward VG¼ 0 V and almost twice the
residual carrier density, and is ascribed to the graphene/NC
heterostructure part. The mobility of R2 is much lower than R1,
related to scattering from NC/graphene interface.

This behavior is reproducible in other devices, whose RSD-VG

curves after NCs deposition show a broad asymmetric peak, well
reproduced by Equation (2). In all cases, the component assigned
to the NC-covered part presents a Dirac voltage close to 0 V or
even at negative voltage, indicating a n-doping due to charge
transfer and the change in the dielectric environment of the
graphene, both inducing a shift of the Fermi energy.[52–54]

3. Photocurrent Response

As the semiconductor Ag2S NCs can act as light absorber, we
evaluated the photoresponse of the crossbar device without
further preparation in a phototransistor configuration, to verify
the charge-transfer efficiency across the interface. We have

therefore used a blue laser (472 nm), thus with excitation well above
the bandgap of the NCs,[47] to ensure full absorption of the light in
the NC layer. Measurements were performed in vacuum.

The focused light was modulated by a chopper, and the
current flowing in the GFET was measured using a current
amplifier and lock-in amplifier, as a function of gate voltage.
At the same time, also the DC current was measured. Further
details are reported in the Experimental Section.

Figure 2 reports the photoresponse as a function of gate volt-
age: the DC resistance (measured as the ratio of DC current and
applied source–drain bias) in dark and under light, the AC cur-
rent magnitude, and the phase of the AC signal. In Figure 2a, the
DC resistance under light is slightly shifted (��1 V) toward neg-
ative gate voltage with respect to the curve in dark. These curves
can be analyzed using Equation (2), finding two resistors in
series with Dirac point at �1.2 V (R1, blue curve) and �8.5 V
(R2, orange curve).

The AC photocurrent is therefore a small perturbation over
the dark current. As shown in the Figure 2b, its magnitude is
zero near �6 V, and has an inflection point around �1.2 V.
We assign the zero of the AC photocurrent at �6 V to the pho-
tosensitive graphene/NC heterostructure, and its inflection at

Table 1. Best fit parameters for the data reported in Figure 1c. Length (L) and width (W ) are fixed.

VD1 [V] n01 [10
12 cm�2] μ1 [cm

2 V�1 s�1] L1, W1 [μm] VD2 [V] n02 [10
12 cm�2] μ2 [cm2 V�1 s�1] L2, W2 [μm]

Without NC þ8.37� 0.02 0.280� 0.002 6230� 60 40, 40

With NC þ8.9� 0.2 0.31� 0.04 8500� 2500 25, 40 þ3.7� 0.5 0.65� 0.01 1500� 170 15, 40

Figure 2. a) DC resistance as a function of gate voltage for Device B, mea-
sured in the dark and under light (1.9 μW on device). The dashed curves
are the components extracted using Equation (2). Dotted lines mark the
position of the Dirac point of these curves. b,c) Amplitude and phase of AC
photocurrent. The red curve in (b) is a fit with Equation (4), and in (c), the
phase calculated from combination of Equation (4) and (5). The inset in
panel (c) illustrates the model described in the text.
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�1.2 V, which corresponds to the R1 Dirac point, to the bare gra-
phene. Therefore, R1 is acting as gate-dependent load to the R2

phototransistor (see inset in Figure 2c).
In correspondence to the zero of the AC photocurrent, the

phase of the AC signal changes by 180�, i.e., the photocurrent
changes its polarity, as expected.[8] The exact determination of
the phase (detailed in the Experimental Section) reveals that it
is shifted by ��30� with respect to the values of 0� and 180�,
which would be expected for a standard photoresistor-like device.
In fact, the observed shift is an indication of complex charge
transfer and trapping effects, as will be discussed in the following
sections.

For a full assessment of these features, we derive a suitable
formula for the response of the phototransistor. To this aim,
the photocurrent can be calculated as the difference of current
under light and dark. Using Equation (2), we consider R2 as
dependent on the light, resulting in a gate voltage shift ΔVD that
sums to VD2. In this way, R2 is a gate-dependent photoresistor
(phototransistor), and R1 is a gate-dependent load resistor.
This results in the formula

Iphotocurrent ¼ Vsd

�
1

RC þ R1ðVG,VD1Þ þ R2ðVG,VD2 þΔVDÞ

� 1
RC þ R1ðVG,VD1Þ þ R2ðVG,VD2Þ

� (3)

where Vsd is the source–drain bias.
From this equation, the zero of the photocurrent occurs at V ð0Þ

G
satisfying R2ðV ð0Þ

G , VD2 þ ΔVDÞ ¼ R2ðV ð0Þ
G , VD2Þ, which, using

Equation (1), corresponds to V ð0Þ
G ¼ VD2 þ ΔVD=2. With

VD2¼�8.5 V and VG
(0)¼�6 V from the data in Figure 2, we

find a positive ΔVD¼þ5 V, indicating a p-type photoinduced
doping of about 4� 1011 cm�2. The p-type doping is further con-
firmed by the polarity of the photocurrent. Indeed, leaving out for
a first analysis the small phase shift, we can assign positive pho-
tocurrent for VG < V ð0Þ

G and negative photocurrent for
VG > V ð0Þ

G . These signs occurs if ΔVD is positive, whereas a neg-
ative value for ΔVD would lead to the opposite (negative photo-
current for VG < V ð0Þ

G ). In fact, the alternative interpretation of
R1 as light-dependent resistor, thus using VD1¼�1.2 V, would
lead to a negative ΔVD, which is incompatible with the experi-
mental data. This further confirms our identification of the
NC-covered and noncovered graphene parts.

To discuss in more detail the amplitude and phase depen-
dence of the photocurrent on the gate voltage, we consider the
light modulation as a small signal over the dark response of
the device, as visible in Figure 2a. In particular, light is a small
modulation of the Dirac voltage VD2, so that the photocurrent can
be written as

IAC ¼ ∂I
∂VD2

ΔVD

¼ Vsd
∂

∂VD2

�
1

RC þ R1ðVG,VD1Þ þ R2ðVG, VD2Þ
�
ΔVD

¼ Vsd

�
� R2ðVG, VD2Þ3
ðRC þ R1ðVG,VD1Þ þ R2ðVG, VD2ÞÞ2

�

�
�
μCGW

L

�
2
ðVG � VD2ÞΔVD

(4)

The modulated light power can be considered as a sum
of DC component (the average power of the light) and a
frequency-dependent expansion, of which we measure only
the 1st harmonic with the lock-in amplifier (AC part). This
AC amplitude is inserted in Equation (4) as ΔVD, and can be
in general written as a complex function of the frequency
ΔVD(ω), to take into account the frequency of the modulation
as well as the possible phase shift between the modulated light
and the photocurrent. In this way, ΔVD acts as an optoelectrical
transfer function.[55]

The model in Equation (4) can therefore be readily compared
with the data in Figure 2b. An excellent fit of the data can be
obtained for the amplitude, as shown in the figure as red
curve.

To explore the function ΔVD(ω), and shed light on the fre-
quency shift observed in Figure 2c, we have studied the photo-
current amplitude at gate voltage �20 V (near the maximum
value shown in Figure 2b) in the range 23–1000Hz, as shown
in Figure 3a,b (see Figure S1 and S2, Supporting Information,
for additional data from a different device).

We find that the amplitude is decreasing for increasing
frequency, approximately with a power law f�1/3. For standard
photoresistors, a low-pass behavior is expected, i.e., a constant
amplitude followed by a 1/f decrease at high frequency.
The observed trend can be instead described as a constant-phase
element (CPE) response, i.e., the ΔVD appearing in Equation (4)
can be written as

ΔVDðωÞ ¼
A

ðjωÞn (5)

From the data in Figure 3a, we calculate n¼ 0.270� 0.006.
The parameter A is related to the efficiency of the charge excita-
tion and transport, and can be positive or negative according to
the sign of the transferred charges; its sign will determine the
polarity of the photocurrent. This equation predicts also a phase
shift for the photocurrent of �90�·n��30�. This phase shift is
well reproduced in the frequency dependent data of Figure 3a,b;
furthermore, inserting Equation (5) in (4), we reproduce the
phase dependence in Figure 2c. Consistently with the previous
observation, the parameter A is found to be positive. This multi-
ple validation of phase value and amplitude trend supports the
CPE with n� 1/3 value.

Anomalous frequency dependence[56,57] or, correspondingly,
time responses,[8,45] are often reported in nanostructured photo-
detectors, and ascribed to a continuous distribution of time
scales in the system due to trap states. The physical origin of
the CPE behavior in such systems, and in the NC/graphene het-
erostructure in particular, can be attributed to the diffusion of
photoexcited charges in the disordered NC film and at its inter-
face with graphene. In general, anomalous diffusion is associated
with disordered systems and interfaces,[58–60] such as the case of
porous electrodes. It has been shown that a description of the
interface as a fractal leads to a frequency response of con-
stant-phase type, with the coefficient n depending on the fractal
dimension.[61,62] This mathematical framework provides an
explanation to the “anomalous” time and frequency dependence
observed in nanostructured photodetectors. Our results provide a
strong support for their experimental evaluation due to the
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modeling and the proper evaluation of the phase shift, and
can give some additional insights. Indeed, we observe the
same frequency trend independently from the gate voltage
(see Figure S3, Supporting Information), suggesting that the gra-
phene doping is not affecting the charge dynamics, differently
from the studies by Tielrooij et al. and Prasai et al.[40,63] In a simi-
lar experiment with PbS NCs on graphene,[24] the standard
low-pass response was observed, indicating smoother interface
than in our case, and highlighting the key role of the interface
for device speed.

To complete the characterization of the device, we have mea-
sured the power dependence of the photocurrent (Figure 3c) at
gate voltage of �20, 0, and þ15 V, corresponding to the maxi-
mum positive photocurrent, the maximum negative photocur-
rent, and a value close to the zero. We found that the
photocurrent is slightly sublinear as a function of power, but
with comparable trends for all the cases. A power-law fit
(shown in the Figure 3c as dashed lines), yields exponents
0.78� 0.02, 0.72� 0.02, and 0.81� 0.02 for gate voltage of
�20, 0, and þ15 V, respectively. The resulting responsivity
(the ratio of the photocurrent to the light power), shown in
Figure 3d, decreases with the power, and reaches �0.5 AW�1

at the low power. The phase of the AC current is found
to be independent on power (see Figure S3, Supporting
Information). The sublinear power dependence is often observed
in nanostructured photodetector, together with the anomalous
frequency response,[64] and similarly, can be attributed to
nonlinear dynamics of charge transfer and recombination.[56]

It can as well be described as the interplay of shallow and deep
defect levels,[65] or more in general as the effect of trap states on
the relaxation of photoexcited charges.[66–68]

4. Formation of Ag Particles and Its Effect on the
Photoresponse

The availability of Ag2S NCs and active (Ag) contacts allows to
perform electrochemical cycles on the device to modify the inter-
face. Considering the device design and geometry, we can exploit
not only Ti but also graphene as inert electrode. The result of the
electrochemical cycles is the formation ofmicrometer-sizedmetal-
lic Ag particles, which result from the Agþ reduction reaction
occurring in the NC layer, together with the migration of Agþ

from the Ag contact.[47] Particles formed on the device after voltage
application between Ti and Ag electrodes are shown in Figure 4.
These Ag particles are formed, namely, on the NC layer that is not
overlapped with graphene. Some Ag particles appear also at the
edges of the NC bar, where electrons from the graphene are avail-
able. This fact can be understood as an effect of the spatial sepa-
ration between the Agþ ions, which move in the NC layer, and the
electrons, which are flowing in the highly conductive graphene
layer where the two layers overlap. Therefore, the reduction reac-
tion occurs only when the two species are not physically separated.
When using graphene as inert electrode, the metallic Ag particles
formation happen in a less uniform way, leading to an unstable
electrical response, but demonstrating the potential of graphene as
inert electrode (See Figure S4, Supporting Information).

Because of this, we use the Ti–Ag electrodes only to generate the
Ag particles, and indeed, the in situ formation of Ag particles is a
demonstration of the occurrence of solid-state reactions in our
device. Instead of electrochemical measurements applied to the
measurement of ion conductivity in the NC layer, we rely on the
graphene FET electrical and optoelectronic response, so that a study
of their effect on photoresponse is possible.[69]

Figure 3. a,b) Frequency dependence of the AC photocurrent at VG¼�20 V and power¼ 1.9 μW for device B. The continuous red lines are CPE depen-
dence (Equation (5)) with n¼ 0.27. c) Power dependence of the AC photocurrent at different gate voltage, at 23 Hz. Dashed lines are power-law fits.
d) Power dependence of responsivity; “power on device” is the power of the light over the area of the NC-covered graphene.
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The Rsd–VG curve for the device is shown in Figure 4d, before
and after the voltage application to the Ti–Ag electrodes inducing
the formation of metallic Ag particles. After NC deposition, the
device exhibits the two-resistor response (Equation (2)), with both
covered and noncovered part having Dirac point at negative volt-
age (n-type doping). After the electrochemical cycle, the curve has
a clear shoulder around �20 V. As shown in Figure 4d and in
Table 2, the results of the fit with Equation (2) verify that the non-
covered part is not modified by the metallic Ag particle forma-
tion, whereas the covered part is more n-doped (Dirac point
from �14 to �23 V), and its mobility is less than half the initial
value. This is reflected in the observed modification on the device
(Figure 4a–c): 1) increase in the roughness of the interface and
2) partial change in the character of the particles from semicon-
ductor to metallic.

The phototransistor measurements after the formation of
metallic Ag particles are shown in Figure 5. The AC photocurrent
trend has the same features of the previous case (without metallic
Ag particles). Its amplitude has a zero around �30 V, and a local
minimum around�10 V. The small-signal model in Equation (4)
reproduces well the data (dotted line in Figure 5), revealing that
the local minimum is related to the noncovered part of the
graphene channel acting as a load.

When measuring with increasing light power (Figure 5a), we
note that the AC photocurrent does not increase with the light
power (Figure 5d). It first increases (passing from 0.1 to
1.2 μW), but for higher power decreases. Also, the zero of the AC
current appears to be shifting toward VG¼ 0 V as shown in
Figure 5c, but it does not follow the increase in power.

Nonetheless, the photoinduced doping is verified to be positive:
as observed in the case of Figure 3c, the phase change shown in
Figure 5d can be explained only by a positive ΔVD. Thus, despite
the formation of metallic Ag particles, we still observe a p-type
photoinduced doping of graphene. The unstable response that
we observe can be due to a modification of the NC layer caused
by photoinduced heating enhanced by metallic particles or light-
induced reduction of Ag2S NCs to metallic Ag.[70,71] Indeed, after
the measurements with light, we observe a shifted Rsd-VG char-
acteristics in dark (see Figure S5, Supporting Information).

The responsivity for the device after Ag formation reaches
1.0 AW�1, a small improvement over the 0.5 AW�1 for the
Ag2S device, whichmight be related to plasmonic enhancement.[69]

Focusing on the phase shift observed in Figure 5b,e, we note
that with respect to the case of a device without metallic particles,
the phase is not fixed at ��30�, but is different for different
power, ranging from��75� at low power to�34� at high power.
This power-dependence shift reveals that a change in the inter-
face may happen during the measurements, indicating that the
analysis of the AC photoresponse together with the model gives
insight in such a complex mixed heterostructure, and provides
solid understanding on the doping and photoinduced charge
transfer, as well as the dynamics of the transport phenomena
occurring at the interface.

5. Conclusion

We have fabricated devices with a crossbar geometry comprising
a CVD graphene monolayer and a film composed by Ag2S NCs.

Figure 4. a) Optical microscopy image of Device C after formation of Ag particles following the application of electrochemical cycles. Scale bar is 40 μm.
b,c) Scanning electron microscopy (SEM) images of the Ag and Ti electrodes, respectively. Scale bars are 10 μm. d) Source–drain resistance as a function
of gate voltage for Device C, acquired in the dark after NC deposition and before (lower part) and after (upper part) the formation of the Ag particles.
The lower curve is shifted by�4 kΩ for clarity. Symbols are experimental data. The orange and blue curves are the two terms as described in Equation (2).
Red is the full fit curve.

Table 2. Best fit parameters for the data reported in Figure 4d. Length (L) and width (W ) are fixed.

VD1 [V] n01 [10
12 cm�2] μ1 [cm

2 V�1 s�1] L1, W1 [μm] VD2 [V] n02 [1012 cm�2] μ2 [cm2 V�1 s�1] L2, W2 [μm]

After NC deposition �5.1� 0.1 0.444� 0.009 2550� 120 25, 40 �14.2� 0.5 0.50� 0.03 4081� 540 15, 40

After Ag formation �6.3� 0.1 0.447� 0.007 2981� 75 25, 40 �22.9� 0.3 0.84� 0.02 1741� 70 15, 40
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In this heterostructure, the graphene acts as FET with the use of
the doped substrate. The deposition of the NCs atop the device
results in a transfer of electrons to the graphene in the region
covered by the NCs. The two regions (NC-covered and noncov-
ered) can be readily identified applying our analytical model to
the measurement of the transistor current as a function of gate
voltage. By illuminating the device with modulated light, a photo-
response is measured, which is determined by the p-type photo-
doping of graphene. The device is considered as a series of a
phototransistor and a load transistor: the NC-covered and non-
covered regions, respectively. In this way, we have developed a
model that reproduces all the features of the gate-dependent pho-
tocurrent. The analysis of the phase and frequency dependence
of the photoresponse shows a constant-phase-like response,
which is attributed to the fractal nature of the interface between
the two materials. This type of response to light modulation fre-
quency in term of a “fractional capacitor” can find application for
robust control, e.g., in robotics.[72]

Finally, applying a voltage across the NC bar yields the forma-
tion of metallic Ag particles through electrochemical solid-state
reaction. These particles affect the graphene device by inducing
further n-type doping. The main features of the response can be
extracted from comparison with the model, indicating a photo-
induced p-type doping and a modification of the interface
compared to the case without metallic particles.

6. Experimental Section

Graphene Growth: Large-crystal graphene was grown in a cold-wall CVD
reactor on 25 μm Cu foil (Alfa-Aesar) using CH4 as the carbon source at a
temperature of 1070 �C.[73] The graphene was then transferred to Si/SiO2

substrates using semi dry–dry transfer.[74] Briefly, the graphene crystals

were coated with a poly(methyl methacrylate) (PMMA) membrane and
a frame was attached to the perimeter of the sample. Graphene/
PMMA was delaminated from Cu in 1 M NaOH solution and rinsed in
water. The membrane (supported by the frame) was then laminated to
the target substrate in air using a dedicated transfer setup.[75] Finally,
the polymer was removed in acetone and isopropanol.

Ag2-xS Synthesis: The synthesis of colloidal metal Ag-doped Ag2-xS NCs
was conducted following our published protocol.[47] Briefly, AgNO3

(68mg, 99.8%, Sigma Aldrich), oleylamine (1 mL, 80–90%, Across
Organics), oleic acid (5 mL, 90%, Sigma Aldrich), and octadecene
(10mL, 90%, Sigma Aldrich) were mixed and degassed under vacuum
in a Schlenk line at 95 �C for 2 h, obtaining a clear yellowish solution.
The flask was then heated to 115oC, and a solution of S-oleylamine
(1mL, 0.075 M) was quickly injected. The synthesis was quenched after
1 min by cooling to room temperature. The NC suspension was purified
(in air) by using two washing steps with acetone and ethanol, and then,
dried under a N2 flow. Finally, the NCs were dispersed in toluene and fil-
tered with a 0.2 μm poly(tetrafluoroethylene) filter membrane (Sartorius)
to be used for device fabrication (30mgmL�1) by spin coating and solid
ligand exchange procedures using tetramethylammonium iodide in
MeOH in a glove box, as previously described in our works.[47,76,77]

Device Fabrication: GFETs and crossbar NC structures were pattered by
EBL (Raith 150-Two), using PMMA as resist (�160 nm thickness). Ohmic
contacts to the graphene were made by Ti(5 nm)/Au(40 nm) deposited by
e-beam evaporator (Kenosistec), at a deposition rate of 0.3 Å s�1 and a
base pressure of about 10�6 mbar, followed by liftoff in acetone. Ar/O2

plasma was used to etch the graphene layer and define the transistor chan-
nel. Spin coating of the Ag2S NC solution onto the patterned PMMA,
followed by liftoff, was used to define the NC bar. Contacts to the NC
bar were deposited by e-beam deposition followed by liftoff, and consisted
of Ti(40 nm)/Au (5 nm) and Ag(40 nm)/Au(5 nm). The graphene channel
had both length and width of 40 μm, and the crossbar a length of 15 μm,
extending across the whole graphene channel (Figure 1a,b).

Scanning electron microscopy (SEM) images were acquired using a
Helios Nanolab 600 (FEI), at an accelerating voltage of 10–20 kV and
a beam current of 0.2 nA. Optical microscope images were taken with
a Nikon Eclipse LV100.

Figure 5. a,b) Amplitude and phase of photocurrent acquired from Device D at different light power, at 23 Hz. The red, dotted curve in (a) is a fit with
Equation (4) for data at 1.2 μW. c–e) Dependence on the light power of the zero of the AC photocurrent, the AC photocurrent magnitude, and phase at
VG¼�50 V.
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Photocurrent Measurement: For photoresponse measurements, the
sample was mounted in a vacuum (�5� 10�5 mbar) probe station
(Janis) with optical access. A fiber-coupled diode laser (472 nm) was used;
the power was tuned via DC signal applied to the controller. The output of
the fiber was focused on the sample by a lens, with a spot size of�400 μm.
The power reaching the sample was measured by a calibrated power meter
(Thorlabs S120VC). A mechanical chopper was used for light modulation.

Electrical setup for measurements consisted of a two-channel Keithley
K2600 Source-meter unit for DC bias of the graphene transistor, or for
applying a bias to the NC bar. For AC measurements, the current signal
was converted into voltage by a transimpedance amplifier (DL1211) with
conversion factor C¼ 10�4 A V�1, whose output signal was measured by a
Signal Recovery 7265 lock-in amplifier. The AC photocurrent is given by
IAC ¼ V lockinπC=

ffiffiffi
2

p
.

The precise determination of the phase of the AC signal can be affected
by the mechanical chopper and the electronic equipment. Thus, we had
calibrated the phase delay due to the setup with respect to the light signal
using a fast Si Photodiode (Thorlabs DET10A2), which did not add any
phase delay. This calibration was performed at each measurements run.
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