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unique and outstanding optical properties 
such as high quantum yield (QY), strong 
absorption, and widely tunable band gap 
energy[8–10] accompanied by inexpensive 
solution processing techniques.[11–13] These 
PNCs have been successfully used in 
photon detectors operational in the visible 
wavelength range with photoresponsivity, 
R > 105 A W−1,[14,15] and could offer further 
opportunities for UV applications.[16,17]

Amongst device structures of particular 
interest are hybrid field effect transistors 
(FETs) that combine single-layer graphene 
(SLG) with PNCs. The performance of 
these devices, such as their response time, 
is affected by the slow, >1 s, redistribu-
tion of charge between the graphene layer 
and PNCs under light and/or electrostatic 
gating,[18,19] leading to the accumulation 
of a large amount of charge in the PNCs 
(7  × 1012 cm-2 [19]). This phenomenon can 
induce a range of interesting physical 
phenomena, such as an optically induced 

Stark effect,[20] large hysteresis on the gate voltage dependence 
of the graphene resistance,[19] and enhancement of the photore-
sponsivity.[21,22] However, to fully exploit the potential of perov-
skite/graphene structures, a comprehensive understanding 
of their properties is still needed. High magnetic fields are 
invaluable for interrogating fundamental physical processes 
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1. Introduction

All-inorganic lead halide perovskites are emerging materials for 
optoelectronic applications, such as solar cells[1–4] and photode-
tectors.[5–7] In particular, inorganic halide perovskite nanocrys-
tals (PNCs) have attracted significant attention owing to their 

© 2022 The Authors. Advanced Electronic Materials published by Wiley-
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in low-dimensional materials.[23,24] A complex excitonic struc-
ture was uncovered in perovskites and individual excitonic 
transitions were probed in a magnetic field of up to 60 T.[25,26] 
Meanwhile, charge transport studies in high magnetic fields 
revealed unique quantum phenomena in graphene, such as a 
room temperature quantum Hall effect[24] and a giant quantum 
Hall effect plateau.[27] To date, the properties of perovskite-gra-
phene heterostructures in high magnetic fields remain largely 
unknown and could enable a fundamental understanding of 
the complicated charge transfer mechanisms observed in this 
system,[19,20] hence advancing their applications.

Here, we investigate graphene devices decorated with a 
layer of blue-light emitting inorganic cesium lead halide PNCs 
(CsPb(Br/Cl)3) and study the effects of light, temperature, high 
electric and magnetic fields (up to 60 T) on the charge dynamics 
in these heterostructures. We demonstrate the potential of 
these structures for ultrasensitive VIS-UV photon detectors and 
uncover complex charge dynamics in these heterostructures.

2. Results

2.1. Perovskite-Graphene Heterostructures

The PNCs have cubic shape and an average size of 16 ± 3 nm 
(Figure 1a and Figure S1, Supporting Information). Their photo
luminescence emission is centered at 466  nm with a narrow 

full width at half maximum (FWHM) of 16  nm (Figure S1, 
Supporting Information). Size distribution and chemical com-
position of the PNCs were confirmed by transmission electron 
microscopy (TEM) and energy dispersive X-Ray (EDX) analysis 
(Supporting Information SI1 and Figure S2, Supporting Infor-
mation). The PNCs were used to functionalize CVD-grown 
graphene using a drop-casting technique. The single-layer gra-
phene was fabricated on a SiO2/Si substrate with SiO2 dielectric 
thickness of 285  nm and processed via electron beam litho
graphy (EBL) into Hall bar geometries (Figure 1b,c).

The gate voltage (Vg) dependence of the resistivity (ρ) for 
lightly doped n-type pristine graphene (Sample 1) reveals a 
charge neutrality (Dirac) point at Vg = −5 V (Figure 1d), an elec-
tron carrier concentration of 3.6  ×  1011 cm−2 at Vg = 0 V, and 
electron and hole mobilities at room temperature of µe = 7600 
and μh = 6500 cm2 V−1 s−1, respectively. Deposition of the PNCs 
leads to an increase of the charge mobility to µe = 14300 and 
μh = 9200 cm2 V−1 s−1, and a hysteresis of the charge neutrality 
point between the forward (from negative to positive) and 
reverse (from positive to negative) sweeps of the gate voltage 
(Figure 1d). The amplitude of the hysteresis increases monoto-
nously with increasing the sweep voltage range: For sweeps of 
Vg over a range of 50 V, the charge neutrality point shifts from 
+5 V to –40 V. A similar behavior is observed in lightly doped 
p-type graphene (Sample 2) with a Dirac point at Vg  =  +15  V 
(Figure  1d). Thus, the deposition of the PNCs leads to n-type 
doping of graphene and a giant hysteresis in ρ (Vg) for both 

Figure 1.  a) Representative transmission electron microscopy (TEM) image of CsPb(Br/Cl)3 nanocrystals and (inset) a photograph of the PNC solu-
tions under UV illumination. b) A schematic and c) an optical image of the graphene/CsPb(Br/Cl)3 Hall bar device. d) Dependence of the resistivity 
on applied gate voltage, Vg, for two representative devices. Deposition of the PNCs leads to n-type doping and a giant hysteresis in the resistivity-Vg 
curve, ρ (Vg), independent of the initial pristine graphene properties. e) Responsivity of Sample 1 versus optical power, Psample, under excitation with 
250 nm, 405 nm, and 450 nm (Vsd = 10 mV and T = 300 K). Inset shows a typical temporal response of the photocurrent under excitation with 360 nm 
(Vsd = 10 mV and T = 300 K).
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n- and p-type CVD graphene on conventional Si/SiO2 sub-
strates. This behavior is similar to that reported for CsPbI3/gra-
phene devices and was attributed to the slow transfer of charge 
between the PNCs and the graphene layer.[19] In the first part of 
the sweep of Vg to positive gate voltages, negative charges are 
accumulated in the PNCs by capture of electrons from the gra-
phene layer. During the reverse sweep, holes drift toward the 
interface and compensate the charges on the PNCs. Thus, the 
charged PNCs act as effective local gates for graphene. Charges 
can also be created in the PNCs by optical absorption and can 
contribute to an enhancement of the photoresponsivity of gra-
phene via charge transfer. We propose that the charging of 
NC surface defects, such as Pb-related deep traps (activation 
energy of ≈0.3  eV)[19] is responsible for the observed hyster-
esis of electrical properties, similar to the results reported for 
PbS QD decorated graphene.[30] In surface decorated graphene 
photosensors, the response time and photoresponsivity are 
defined by the lifetimes of trapped photoexcited charges.[30,31,32] 
Indeed our devices are photosensitive in the absorption wave-
length range of the PNCs and have high photoresponsivity R  
>  106 A W−1 in the UV range from 250 to 405 nm (Figure 1e). 
These high values of the responsivity are comparable to those 
observed for perovskite/graphene detectors operational in the 
visible wavelength range.[19,28] The high values of R arise from 
a large photogain due to the long (seconds) lifetime of the  
photoexcited charges in PNCs and short (nanoseconds) trans-
port time of electrons in graphene.[18,19,29] The shift of the Dirac 
point after deposition of PNCs is due to the surface doping of 
the graphene. The high photosensitivity of the PNC/graphene 
devices is enabled by the presence of charged defects in the 
NC layer adjacent to the graphene, which acts as a top-gate, 
and slow charge transfer between the PNCs and graphene 
layer, as evident from slow photoresponse times of 8 s and 15 s  
for the light-ON and light-OFF regimes, respectively (inset in 
Figure 1e).

The hysteresis of electrical properties shown in Figure  1d 
was observed over a wide range of temperatures. However, 
with decreasing temperature, the magnitude of the hyster-
esis tends to decrease until it totally disappears at T  ≈ 200 K 

(Figure 2a). At T < 250 K, the ρ(Vg) curve of Sample 2 revealed 
a pronounced maximum at Vg ≈ 0, which is independent on the 
direction of the Vg-sweep and is comparable to that observed 
for pristine graphene devices. The temperature dependence 
of ρ(Vg) hysteresis has comparable activation energy with that 
observed for T-dependent photocurrent,[19] suggesting that both 
effects are defined by the same Pb-related surface defect state. 
With decreasing temperature, charge trapping/de-trapping is 
less effective, hence more symmetric ρ(Vg) dependences are 
observed with smaller hysteresis, as well as weaker photore-
sponse. This phenomenon is also observed in graphene devices 
capped by other NCs.[19] In particular, the hysteresis at large Vg 
and T > 250K suggest a slow charge transfer at the PNCs/gra-
phene interface mediated by defects with deep localized states.

2.2. Observation of Quantum Hall Effect

Gate voltage dependences of the longitudinal (ρxx) and trans-
verse (ρxy) resistance were measured in an applied perpen-
dicular magnetic field, B, at low and room temperature 
(Figure  2b). The applied pulsed magnetic field was ramped 
from zero to 55 T and back within 100 ms with no measurable 
hysteresis observed in both ρxx(B) and ρxy(B) dependences at 
such a high field sweep rate. At low temperatures, T = 4.2 K, we 
observe well-formed Quantum Hall Effect (QHE) plateaus of 
ρxy and corresponding minima of ρxx corresponding to Landau 
indexes v  = 1, 2, and 6 (Figure  2b), similar to that previously 
reported for exfoliated[23,24] and high-quality CVD graphene[33,34] 
devices. We note, that both applied Vg and T affect the observa-
tion of QHE and the position of the QHE plateau (Supporting 
Information SI2). Electrical gating changes carrier concentra-
tion and, thus, the magnetic field position of the QHE pla-
teau in the transverse magnetoresistance Rxy(B) and can even 
change its polarity. With increasing T, the QHE plateaus are 
less pronounced, while at T > 200 K the QHE is not observed 
and an almost linear classic Hall effect is observed for ρxy(B) 
accompanied by a monotonous ∼B2 increase of ρxx with weak 
Shubnikov–de Haas oscillations (Figure 2b).

Figure 2.  a) Resistivity of the PNC/graphene (Sample 2) measured in the dark using gate voltage sweeps -50 V < Vg < +50 V at 0.1 V s−1 rate at different 
temperatures. b) Longitudinal (solid lines), ρxx, and transverse (dashed lines), ρxy, magnetoresistance at zero gate voltage, Vg = 0, T = 4.2 K (blue), and 
290 K (red). Dashed black lines show positions of the QHE plateau with Landau index v = 1, 2, and 6.
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Since the deposition of the perovskite NCs resulted in sig-
nificant surface doping, we hypothesized that QHE could be 
observed at higher temperatures, and hence quantum phe-
nomena could affect the charge transfer observed in these 
devices. However, there is no significant contribution of the 
perovskite layer to the QHE observed in these devices at high-
pulsed (fast-changing) magnetic fields. This is a surprising 
result as in similar graphene-based systems, such as SiC/gra-
phene and InSe/graphene,[27,35] the v = 2 quantum Hall plateau 
becomes extended (>50 T wide). These examples of “giant” 
quantum Hall effect plateaux in graphene have been assigned to 
the magnetic field and electric field-induced transfer of charge 
carriers between the degenerate Landau levels of graphene 
and localized states in its proximity. We ascribe the absence of 
a giant QHE plateau in our devices to the fast sweep rate in 
the pulsed high field (B  < 60 T) measurements. The time for 
sweeping the magnetic field (≈0.1 s, see Experimental Method) 
is much shorter than the characteristic “magnetic” time, τmag, 
(discussed later in the paper) defined as the time required for 
charge carriers to be transferred from/into the graphene layer 
during the increase of the applied magnetic field. This charge 
transfer process is responsible for the giant QHE v = 2 plateau 
in SiC/graphene and InSe/graphene.[35,36] In PNC/graphene 
systems, τmag is significantly longer compared to the magnet 
pulse time of ≈0.1 s. The QHE plateau observed in graphene 
perovskite heterostructures has never been reported before, sug-
gesting that in these devices, the unique quantum properties of 
graphene can be retained after the deposition of the PNCs and 
can be complemented by the optical sensitivity of the perovskite 
layer, enabling fabrication of multifunctional devices.

2.3. Probing Charge Dynamics

We used pulsed magnetic fields to measure ρxy during unin-
terrupted cyclic sweeping of the applied gate voltage, i.e., Vg is 

swept continuously from – 50 V to + 50 V (Figure 3a) and ρxy 
is measured at a given Vg over a range of magnetic fields. The 
fast rate of magnetic field sweep of 1000 T  s−1 and relatively 
slow gate voltage sweep rate of 0.1 V s−1 provide “snapshots” of 
the graphene transport properties, in particular, the Hall car-
rier concentration at a constant Vg in the range – 50 V < Vg < + 
50 V (symbols in Figure 3b). Data presented in Figure 3 dem-
onstrate that the Hall carrier concentration in graphene can 
be different at the same value of Vg depending on the direc-
tion of the sweep. Thus, the parallel plate capacitor (1C) model 
commonly used to describe graphene field effect transistors 
cannot be applied to perovskite functionalized graphene and 
instead the data is fit by a two-capacitor (2C) model[19] (see Sup-
porting Information SI3). A gate voltage increment ΔVg gener-
ates an incremental increase in the charge ΔQ in the PNCs/
graphene heterostructure, which we describe as ΔQ = C ΔVg, 
where ΔQ is the sum of free charge carriers in the single layer 
graphene (ΔQSLG) and charges bound onto localized states of 
the PNCs (ΔQPNCs), and C is the capacitance of the SiO2 layer. 
Here, we assume that the charge ΔQ redistributes between the 
graphene (QSLG) and the PNCs (QPNCs) layers with an effec-
tive time constant τel = 350 s. The 2C-model accounts for the 
dependence of the carrier concentration in graphene on the 
direction and the rate of the Vg sweep (continuous lines in 
Figure 3b).

The 2C-model also explains the apparent high field-effect 
mobility, µFE, of graphene/perovskite devices at specific Vg 
sweep conditions presented in Figure  4a. By reducing the 
maximum applied gate voltage to 20  V, we achieve a narrow 
ρxx(Vg) peak for the forward sweep of Vg (red curve in inset 
of Figure  4a). This corresponds to a hole field-effect mobility 
µFE  = 83 000 cm2 V−1  s−1, as estimated from the linear fit 
of the conductivity-Vg curve, σ(Vg), shown in the inset of 
Figure  4a. Note that the hole field-effect mobility calculated 
in the reverse Vg sweep (blue curve in the inset of Figure 4a) 
is almost seven times lower: µFE  = 12 000 cm2  V−1  s−1. The 

Figure 3.  a) Pulsed measurements of ρxy(B) for Sample 2 acquired during uninterrupted Vg forward sweep (Vg changing from – 50 V to + 50 V, left) 
and Vg reverse sweep (Vg changing from + 50 V to – 50 V, right) with sweep rate 0.1 V s−1 and T = 290 K. The value of Vg is indicated for each ρxy(B) 
curve. Positive ρxy corresponds to electron conductivity and negative ρxy to hole conductivity of graphene. ρxy measurements taken at the same Vg have 
the same colour in forward and reverse sweep of Vg. b) Data points – Hall carrier concentration calculated using the ρxy data presented in (a). Arrows 
indicate forward (red) and reverse (blue) direction of the Vg sweep. Solid lines represent the calculated dependence of the carrier density n on Vg using 
two models: conventional 1C model and 2C model with τel = 350 s, as discussed in the text.
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results of the 2C-modeling revealed a hysteresis of the 
charge distribution between graphene, QSLG, and the PNCs, 
QPNCs for the forward and reverse Vg sweeps (Figure  4b) (see 
Supporting Information SI3). The observed difference in the 
measured value of µFE can be explained by the difference of 

the gradient dQSLG/dVg at different points of the QSLG(Vg) hys-
teretic curve.

The hysteresis in ρxx(Vg) and the value of the apparent field-
effect mobility are influenced by the strength of a continuous 
applied magnetic field (Figure  5a): For B  = 16 T, the ρxx(Vg) 

Figure 4.  a) 2D resistivity of the PNC/graphene Sample 1 for different gate voltage sweeps. Inset: forward (red) and reverse (blue) sweep of con-
ductivity versus gate voltage for sweeps of Vg from −20 V to +20 V. Dashed lines show linear fit to the data resulting in hole field effect mobilities of 
µFE = 83 000 cm2 V−1 s−1 (forward Vg sweep) and µFE = 12 000 cm2 V−1 s−1 (reverse Vg sweep). b) Numerical modeling (2C-model) of the total charge Q 
for the forward and reverse Vg sweeps explained in terms of the charge redistribution between graphene, QSLG, and the PNCs, QPNCs (see Supporting 
Information SI3).

Figure 5.  a) Normalised (ρxx/ρmax) longitudinal resistance as a function of the applied gate voltage for Sample 2 at B = 0 T (blue) and 16 T (red) 
measured during Vg sweep in the range – 50 V < Vg < + 50 V, sweep rate 0.1 V s−1, and T = 290 K. b) Hall coefficient RH as a function of the applied 
gate voltage at B = 1 T (green) and 16T (red) measured during Vg sweep in the range −50 V < Vg < +50 V, effective sweep rate 0.15 V s−1, and T = 290 K. 
c) Hall mobility µHall(Vg) calculated from ρxx(Vg) at B = 0 T (blue curve in (a)) and ρxy(Vg) at B = 1 T (green curve in (b)). Arrows indicate the direction 
of the Vg-sweep. d) Symbols: Hall carrier density nHall(Vg) at B = 1 T (green) and 16 T (red) and corresponding 2C model fits with τmag = 350 s (green) 
and τmag = 550 s (red), respectively.
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curve tends to narrow under forward and reverse Vg-sweeps 
and additional ρxx peaks emerge at Vg = ± 30 V, which we assign 
to the Fermi energy (EF) resonance with the v  = 2 Landau 
level.[23] Furthermore, the magnitude of the hysteresis tends to 
weaken in both ρxx(Vg) and Hall resistance RH(Vg); in particular, 
the RH(Vg) dependences reveal a change of conductivity type at 
Vg = ± 20 V for the forward and reverse Vg sweeps (Figure 5b).

From the measured ρxx(Vg) at B  = 0 and ρxy(Vg) at B  = 1 T, 
we extract the Hall mobility µHall (Figure  5c) and Hall carrier 
concentration nHall (Figure  5d) under cyclic Vg-sweeps in the 
range – 50 V < Vg < + 50 V. The Hall carrier concentration can 
be fitted by the phenomenological 2C-model (see [19] and Sup-
porting Information SI3) with a characteristic time constant 
τmag = 350 s for B = 1 T and τmag = 550 s for B = 16 T. The 50% 
increase of this time at B = 16T indicates that the charge transfer 
at the PNC/graphene interface tends to be slowed down by a 
strong magnetic field. This phenomenon can result from the 
magnetic field-induced localization of the electronic states in 
graphene and PNCs, thus reducing the cross section for charge 
transfer. In particular, the magnetic field creates energy gaps 
near the Dirac point that tend to reduce screening, facilitating 
the accumulation of localized charge in the proximity of the 
graphene layer.[37] Interestingly, the measured Hall mobility has 
a maximum of µHall = 30 000 cm2 V−1 s−1 for the forward sweep 
and µHall = 20000 cm2 V−1 s−1 for the reverse sweep (Figure 5c). 
We ascribe the observed 50% increase of the Hall mobility for 
the forward Vg sweep to the effect of the polarity of charges in 
PNCs on the carrier scattering time in graphene. For the for-
ward sweep, the charge stored in the PNCs is mostly positive 
and for the reverse sweep it is negative (Figure 4b). This charge 
can strongly affect electrostatic potential fluctuations created by 
the charged impurity centers responsible for the mobility drop 
in CVD graphene on Si/SiO2 substrates.[38]

To probe further the effect of a magnetic field on the charge 
transfer, we performed magneto-transport measurements 
in slow-changing (≈0.005 T s−1) magnetic field sweeps up to 
B = 16 T (Figure 6a). For T > 250 K, the ρxx(B) and ρxy(B) curves 
reveal hysteresis effects under up and down sweeps of magnetic 
field. The amplitude of the hysteresis Δρxy is calculated as the 

difference between the values of ρxy in the up and down sweeps 
of the magnetic field. From Figure 6a it can be seen that Δρxy 
increases linearly with B at low fields and saturates at high 
fields (B > 8 T) corresponding to the QHE plateau with v = 2. 
Note that a clear QHE is not observed at T = 290 K (Figures 2b, 
6a). However, Δρxy(B) indicates that magnetic-field-dependent 
charge relaxation in this device is strongly affected by the posi-
tion of the v = 2 Landau level even at room temperature.

A fast decrease of the magnetic field from B  = 16 T to 0 T 
in a fraction of a second (magnetic field quench) allowed us 
to estimate the characteristic magnetic relaxation time of the 
system, τmag = 540 s (Figure 6b). This time is similar to the time 
constant τmag  = 550 s previously derived for the hysteresis in 
nHall(Vg) in a constant magnetic field B = 16 T (Figure 5d). Thus, 
both electric and magnetic fields influence the charge transfer 
between the PNCs and graphene. The typical magnetic time 
constants derived from the analysis of the magneto-transport 
studies are significantly longer than the characteristic optical 
times (light-ON and light-OFF times, which have values of  
8 s and 15 s, respectively (inset in Figure 1e). In contrast, both 
τel and τmag times in our devices are found to have compa-
rable large values (>100 s). Also, this characteristic time has a 
magnetic field dependence changing from τmag = τel = 350 s at 
B = 0 T to τmag = 550 s at B = 16 T (Figure 5d). This behavior can 
be qualitatively explained by additional magnetic-field-induced 
confinement of charge carriers in graphene, which prevents 
their transfer to and from the PNCs, thus increasing the effec-
tive time constant for the charge transfer and reducing the size 
of the hysteresis in ρxx(Vg) and ρxy(Vg) (Figure 5a,b).

3. Discussion

Our finding of a B-dependent time constant in the PNC/gra-
phene system suggests that a similar time constant should also 
be measurable in other hybrid heterostructures, such as InSe/
graphene[35] and SiC/graphene.[27,39] Despite the significant 
interest in the SiC/graphene system,[27,36,39,40] to our knowledge, 
no magnetic time or hysteresis in ρxy(B) has been reported yet. 

Figure 6.  Measurements of Sample 2 in a slow magnetic field. a) Top: transverse magnetoresistance ρxy(B) at T = 290 K (red) and T = 200 K (blue), 
sweep rate ≈0.005 T s−1 with 2 h wait at B = 16 T field before the downfield sweep. The amplitude of the hysteresis Δρxy in ρxy(B) is observed at T = 290 K 
between up and down field sweeps. Bottom: Δρxy(B) curves measured at different temperatures. b) Time dependence of ρxx after a magnet quench. 
The red dashed line is an exponential fit to the data. Inset: log scale fit of the normalized conductivity σ = 1/ρxx by σ ∼ exp(-t/τmag) with τmag = 540 s.
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To explain this finding, we suggest that the magnetic time in 
SiC/graphene is significantly shorter (τmag  < 1  ms) as most 
of the high field (>50 T) measurements have been conducted 
using pulsed magnet systems.[39] Such a large difference in 
the values of τmag found in different graphene-based systems 
(>100 s in PNC/graphene and < 1  ms in SiC/graphene) could 
be accounted for by the different properties of the effective 
barrier for charge transfer between the graphene and adjacent 
charge-source layer. For SiC/graphene there is virtually no bar-
rier as this material is produced from a single SiC crystal lat-
tice.[36] However, there is a pronounced barrier formed between 
the PNCs and graphene by the surface ligands in the PNC/gra-
phene system.[12]

The relatively long magnetic time for the PNC/graphene 
system allowed us to acquire “snapshots” of ρxy(B) during 
which the carrier concentration in graphene does not change 
(Figure  3). This provides accurate Hall carrier concentra-
tion and Hall mobility data at any point of the Vg-dependent 
hysteresis loop. The measurements were also conducted in 
small (B  = 1 T) and large (B  = 16 T) constant magnetic field 
(Figure 5b–d). For the processing of these data, we assume that 
ρxy(B) is a linear function of B (< 1 T) at any point of the Vg 
sweep. Both pulsed (Figure  3b) and constant field (Figure  5d) 
measurements revealed an “eye-shaped” hysteretic curve for the 
carrier concentration in graphene n(Vg), which is in agreement 
with the 2C-model.[19]

The redistribution of carriers between graphene (QSLG) and 
PNCs (QPNCs) can be used to understand the uncertainty of the 
field-effect mobility, Hall mobility, and large hysteresis of ρxx(Vg) 
frequently observed in various graphene FETs functionalized by 
organic molecules and other charge-trapping layers,[41–43] with 
the latter effect recently suggested for graphene gas sensors.[44] 
The field-effect mobility, µFE, in graphene, is commonly derived 
using a single parallel plate capacitance model (1C-model) as 
µFE = σ/en and n =VgC/e, where σ is conductivity and C is gate 
capacitance per unit area.[45] Applying this model to our data 
would lead to µFE as high as 60  000 cm2  V−1 s−1 or as low as 
10000 cm2  V−1 s−1  , depending on the direction and amplitude 
of the Vg-sweep (Figure 4a). This uncertainty can be explained 
using the 2C-model, which demonstrates that n(Vg) has a rather 
complicated (eye-shaped) dependence on Vg (Figure  4b). Note 
that µFE is measured in the region of the maximum σ(Vg) slope, 
which is located in close proximity of the Dirac (charge neu-
trality) point.[45,46] This point corresponds to the two crossings 
of the QSLG(Vg) with Q = 0 (blue line in Figure 4b). Positions of 
these crossings on the “eye-shaped” QSLG(Vg) curve are defined 
by the graphene doping level, which shifts the whole curve up 
or down in the Y (charge) coordinate. Importantly, the curva-
ture of QSLG(Vg) is different in the different regions of the “eye” 
curve with the gradient dQSLG/dVg much larger in the corners 
of the eye. Consequently, since µFE = σ/QSLG, larger dQSLG/dVg 
results in an artificially high µFE, whereas a smaller dQSLG/dVg 
leads to the opposite effect (Figure 4b). Thus, by changing the 
Vg sweep rate and Vg maximum, the field effect mobility can be 
tuned.

Large uncertainty in the mobility measured in structures 
with significantly slow charge dynamics can be reduced by 
measurements of the Hall mobility in pulsed (Figure  3) or 
constant (Figure  5c) magnetic fields. The measured values 

of the Hall mobility for the forward and reverse sweeps are 
µHall = 31 000 cm2 V−1 s−1 and 20000 cm2 V−1 s−1 (Figure 5c). The 
difference between Hall mobility values is much smaller than 
the one for the field-effect mobilities of µFE = 60 000 cm2 V−1 s−1 
and 10 000 m2 V−1 s−1 (Figure 4a), since Hall carrier concentra-
tion provides an accurate direct reading of the n(Vg) depend-
ence. Also, this difference between forward and reverse Vg-
sweep Hall mobilities is likely to be relevant to the effect of the 
impurity charge polarity on the carrier scattering in graphene.

4. Conclusion

We studied stable inorganic perovskites CsPbX3 nanocrystals 
deposited on high-purity CVD graphene FETs on Si/SiO2 sub-
strates. These devices can be used as photon sensors with high 
responsivity (up to 106 A W−1) in the VIS-UV range. We dem-
onstrated that the performance of these devices is mediated by 
charge transfer at the PNC/graphene interface and depend on 
the applied electric field, temperature, and incident light. For 
the first time, the effect of fast (<100 ms) and slow quantizing 
magnetic fields on the charge transfer was studied. A character-
istic magnetic time was introduced to describe the dependence 
of the charge transfer on the quantizing magnetic field. A newly 
developed experimental technique allowed us to study different 
processes involving charge transfer in this system, such as 
hysteretic effects in the ρxy and ρxx hysteresis, and enhanced 
field-effect mobility. A phenomenological 2C-model model was 
successfully applied to explain these phenomena and discuss 
the prospects and limits of the perovskite/graphene system. 
Presented findings can improve our understanding of the com-
plicated charge dynamics in functionalized graphene layers and 
provide novel experimental and theoretical approaches for their 
studies and improved applications.

5. Experimental Section
Materials: Ultra-clean high-mobility (µ ∼ 10000 cm2 V−1 s−1 at 

room temperature) CVD graphene on SiO2/Si substrate (285  nm of 
SiO2) was produced at the National Enterprise for NanoScience and 
NanoTechnology (NEST, Italy).[47] Pristine graphene/SiO2/Si wafers 
were processed into multi-terminal Hall bars and two-terminal diodes. 
The processing technique can be used to fabricate weakly n- and p-type 
graphene field-effect transistors (GFETs) with Dirac point close to zero 
gate voltage, |Vg| < 20 V (Figure 1).

Inorganic CsPb(Br/Cl)3 perovskite nanocrystals were synthesized 
through a solvothermal method with a mixture of oleic acid (OA), 
oleylamine (OLA), and didecyldimethylammonium bromide as capping 
ligands. In a typical process, 0.1 mmol of cesium carbonate, 0.2 mmol 
of PbBr2, 0.2  mmol of PbCl2, oleic acid (1  mL), oleylamine (1  mL), 
0.2  mmol of didecyldimethylammonium bromide and 10  ml hexane 
were loaded into a Teflon-lined autoclave (50 mL), and then reacted at 
160 °C in a muffle furnace for 2.5  h. The crude solution was naturally 
cooled down to room temperature and purified with ethyl acetate twice. 
The obtained perovskite nanocrystals were dispersed in 2  mL hexane 
and centrifuged at 8000  rpm for 2  min to remove large nanocrystals. 
Graphene devices were functionalized through liquid deposition of 
perovskite nanocrystals. Following the PNCs deposition, samples were 
dried in a vacuum (≈10−6 mbar) overnight.

Morphological, Electrical, and Optical Studies: Transmission electron 
microscopy (TEM), high-resolution TEM (HRTEM) and were acquired 
on a JEM-2100F, JOEL operated at 200 kV. Measurements of resistance 
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and photocurrent were performed using Keithley-2400 SourceMeters 
and Keithley-2010 multimeters. For photoresponsivity studies, excitation 
was provided by a UV (250 nm) source and fiber-coupled lasers (405 and 
450  nm). The photoresponsivity, R, is defined as photocurrent, Ipc, 
divided by the power of light absorbed by the sample, Psample, where 
photocurrent is the difference in current, Isd, from the dark state to 
under illumination.

Studies in Constant and Slow Magnetic Fields B  ≤ 16 T: Experimental 
measurements in constant and slow-changing magnetic fields were 
performed in a closed-cycle 16 T superconducting solenoid system 
(Cryogenics Ltd), which includes a cryostat temperature control inset 
(1.5 K < T < 400 K). For magnetic field-dependent studies, the field sweep 
rate of ≈0.005 T s−1 was used. DC voltage-current dependences were 
measured using Keithley-2400 SourceMeter units. Cyclic gate voltage, Vg, 
and sweeps were performed using a constant sweep rate of ≈0.1 V s−1.

Studies in Pulsed Magnetic Fields B  ≤ 60 T: Pulsed magnetic field 
measurements were performed up to B  ≤ 60 T, field sweep rate 
∼1000 T s−1. The pulsed magnetic fields are created by discharging a 
capacitor through a liquid nitrogen-cooled resistive coil in a short time 
(≈100  ms). The sample was placed in a helium-cooled cryostat and 
measured in the temperature range 4 K < T  < 300 K. A constant DC 
voltage was applied to a Hall bar sample with either constant applied Vg 
or cyclic Vg sweeps. The values of longitudinal and transverse voltages 
were amplified by Stanford SR560 low noise amplifiers and measured 
using a fast multichannel PXI acquisition card (National Instruments). 
Parasitic voltages generated during the fast changes of the field were 
compensated using analysis of the data obtained during field-up and 
field-down branches of the magnetic pulse.

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