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Enhanced Hot Carrier Up-Conversion in Graphene By

Quantum Dot Coating
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Graphene with unique linear band structure and enhanced electron-electron
interaction exhibits peculiar hot-carrier generation. The thermalized hot car-
riers in graphene have potential to achieve high energy which is well above
energy of the incident photons. Together with its outstanding optical and
electrical properties, the exotic thermalization of hot carriers makes gra-
phene a promising material for applications in optical up-conversion devices
and ultrafast photonics. However, the excitation efficiency of hot carriers is
limited by its weak absorption and atomically thin light-matter interaction
length. Here, the efficient hot-carrier amplification is demonstrated in gra-
phene by adjacent quantum dots (QD). With pump—probe experiments, this
hot carrier amplification is found to stem from the charge collection of the
two-photon excited hot carriers in QD. Taking advantages of strong absorp-
tion of QD, the hot-carrier excitation efficiency of graphene can be efficiently
improved under near-infrared sub-bandgap excitation of QD. The transferred
hot carriers are with energy higher than those originally excited in graphene,
leading to raised hot-carrier temperature and enhanced hot-carrier up-con-
version. This research demonstrates QD’s immense potential to realize high
efficiency hot-carrier injection in graphene-based devices, which will promote
their ability for hot-carrier-driven devices, optical up-conversion devices and
high-frequency optoelectronics.

1. Introduction

Hot carriers refer to nonequilibrium elec-
trons (or holes) at excited states with large
kinetic energy to reach effective elevated
temperature.ll Such carriers with high
particle temperature play an essential role
in the research of excited states dynamics
and physics of solid state devices.?l The
rise of graphene opens up new horizons
and opportunities to the field of hot carrier
dynamics and light-harvesting devices.
Due to the unique linear-dispersion band
structure and rapid electron-electron scat-
tering assisted by Coulomb interactions,
hot carriers in graphene can rapidly ther-
malize to a Fermi-Dirac distribution in
which the long tail can extend to energy
much higher than the incident photon
energy, which is promising for optical up-
conversion.># Meanwhile, the thermaliza-
tion process of hot carriers is as short as
tens of femtoseconds and is considered
to have great potential for ultrahigh fre-
quency optoelectronic devices.>®! Those
intriguing hot carrier properties, together
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with the high mobility, broadband absorption, and wide-range
photon—electron conversion, make graphene an excellent can-
didate to the research of optical up-conversion devices and
high-frequency optoelectronics.” Thoroughly understanding
and efficiently manipulating the behavior of hot carriers in
graphene will lead us to higher efficiency, better performances,
and brand-new design of relevant optoelectronic and ultrafast
photonic devices mentioned above.>"") However, such utiliza-
tions are severely hindered by the weak light-matter interaction
of graphene due to its limited thickness.

One plausible way to gain homogenous enhancement of hot
carrier excitation in graphene is by hot carrier collection from
adjacent medium.>?% So far, great efforts have been devoted
to coupling graphene with semiconductors to acquire stronger
light absorbance and efficient hot carrier injection.! Atomi-
cally thin graphene—transition metal dichalcogenide (TMDC)
heterostructure has been most studied. In MoS,/graphene,
nondissipative hot carrier transfer from MoS, to graphene was
proved.?’] In addition, the extraction efficiency of C-exciton hot
carriers in MoS, was confirmed to be about 80% at room tem-
perature.’2l An ultrafast selective charge transfer to graphene
was detected under resonant excitation of A-exciton in WS,
and electron injection from PtSe, to graphene induced by effec-
tive electric field was also recently demonstrated.l*¥l Moreover,
other semiconductors such as organic—inorganic halide perov-
skite (CH3;NH3PDbI;), QD and GaAs can also provide efficient hot
carrier injection to graphene.”343%] However, those researches
to date are confined to resonant or above bandgap excitation.
By contrast, hot carrier injection under sub-bandgap excita-
tion, which has the potential to break the bandgap limitation of
adjacent semiconductors and largely extend the photon energy
response range, is more appealing but still has not been realized.

In this work, we report efficient hot carrier amplification in
QD/graphene (QD/Gr) heterostructure induced by the ultrafast
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hot carrier transfer under sub-bandgap excitation of QD. With
time-resolved experiments, we found that photogenerated hot
carriers of QD are directly extracted by graphene from high-
energy excited states before phonon-assisted cooling process.
The collected hot carriers lead to notably raised carrier tempera-
ture and enhanced carrier up-conversion process in graphene.
An over five times hot carrier excitation enhancement of gra-
phene is obtained, with an ultrafast hot carrier transfer time-
scale less than 50 fs. Our research provides new evidence to the
ultrafast hot carrier transfer process occurring between carrier
donors and graphene.

2. Results and Discussion

In our experiment, graphene monolayers were prepared by
mechanical exfoliation on 90 nm SiO,/Si substrates, and CdSe/
ZnS core-shell QDs with oleic acid ligands were then spin-
coated onto substrates with graphene monolayers (Figure 1a).
Figure 1b shows the optical image of a graphene monolayer
with colloidal QD coated on the surface. The absorption and
PL spectra of the QD are shown in Figure 1c. The PL peak of
QD is centered at 620 nm, and the absorption edge is located at
about 650 nm. We then measured the two-photon-absorption-
induced photoluminescence (TPPL) spectrum of solely QD and
the QD/Gr heterostructure under excitation at 820 nm (flu-
ence at 2.77 ] cm™?) (Figure 1d). The intensity of QD’s TPPL
was evidently quenched in the QD/Gr heterostructure, which
indicates the electronic coupling and charge transfer process
between QD and graphene. Figure le shows the TPPL mapping
corresponding to the QD/Gr heterostructure sample shown
in Figure 1b, in which the prominent and uniform PL inten-
sity quenching in the heterostructure area confirms the effi-
cient charge transfer between QD and graphene. We further
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Figure 1. Schematic and spectral characterization of QD/graphene heterostructure. a) Schematic representation of QD/graphene (QD/Gr) heterostruc-
ture under pulse laser excitation. b) Optical image of the QD/Gr heterostructure, with QD spin-coating on monolayer graphene. c) Absorption (blue)
and PL (orange) spectrum of CdSe/ZnS QD. d) Two-photon-absorption-induced photoluminescence (TPPL) spectra of QD and QD/Gr heterostruc-
ture under 820 nm excitation (fluence at 2.77 u) cm=2). TPPL intensity of QD quenches to about 30% with graphene underneath. e) TPPL mapping of
QD with and without graphene, showing a uniform PL quenching contrast. f) Time-resolved TPPL of QD and QD/Gr heterostructure with lifetime of

2.93 ns and 0.81 ns, respectively.
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employed time-resolved TPPL measurements to characterize  in the visible and near-infrared spectral range.l3% In particular,
the carrier dynamics in solely QD and the QD/Gr heterostruc-  the intraband (interband) transition plays the leading role at
ture (Figure 1f). A faster relaxation rate was revealed in the low (high) electronic temperatures. The absorption change of
heterostructure compared with QD. The photocarrier recombi-  graphene is determined by the real part of optical conductivity,

nation lifetime 7, in QD is =2.93 ns while in the heterostructure An

Ac" = Acl, + Acll., following the relation: AA=2"Ag™.
the lifetime 7; reduces significantly to 0.81 ns, which indicates " “ & c
the carrier injection from QD to graphene. By the equation ~ The intraband and interband contributions of real part of the

n=1- T1 | the charge collection efficiency 7 of the interface can optical conductivity are represented as’***
0
be estimated to be about 72%.0% The carrier extraction from n2 e TheT
fer lifeti o _8ln2me Tk 1

QD to graphene greatly reduced the carrier lifetime of QD. Ol o eV T 1

To capture the ultrafast dynamics of the hot carriers, we T (heo)"+
employed pump-probe spectroscopy measurement. In the X
experiment, pump excitation centered at 820 nm with corre- o =”—etanh( ho ) 2)
sponding pump fluence ranging from 0.12 to 1.18 uj cm™2, and 2h 4k T

the probe pulse was at 700 nm (Figure 2a). The photon energy
of the probe beam is higher than that of the pump beam, there-
fore the pump-induced change directly reflects the dynamics of
carriers which populate the band above initial photoexcitation,
that is, the hot carrier up-conversion. The transient differential

where hw, T, and T separately refer to the probe photon energy,
electronic temperature, and the scattering rate. According to
the temperature-dependence of intraband and interband term,
when electronic temperature increases, intraband/interband
’ ) AR . ] ) transition gives rise to positive/negative transient absorption
reflection signal = s measured as a function of delay time. In change, respectively. In visible and infrared range, the intra-
band transition term roughly scales linearly while interband
transition term varies approximately exponentially to the elec-
tronic temperature T. Therefore, the ultrafast nonequilibrium
the transient absorption change from the transient differential ~ dynamics of photocarriers in graphene is strongly correlated
reflection signal in the experiment. In monolayer graphene,  with the pump fluence.?” Comparing different temporal evolu-
the optical absorption originates from two processes: intraband  tion behavior, we are able to determine the dominate transition
transition and interband transition. The interband transition  process in graphene and deduce the relative electronic tem-
is the transition between valence band and conduction band  perature. Consistent with previous reports,13¢4 the transient
while the intraband transition is the transition within the con-  absorption evolution of hot carriers in graphene experiences a
duction (valence) band assisted by phonons. The relative con-  crossover from positive to negative absorption change with the
tribution of these processes varies with electronic temperature  increase of pump fluence (Figure 2b).

the reflective configuration, the sample absorption change AA is

given by the reflection change —% , thus we can directly detect
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Figure 2. Hot carrier transfer in the heterostructure. a) Schematic of band alignment and photocarrier transfer in the QD/Gr heterostructure. Thick gray
arrow refers to carrier transfer (CT) process from QD to graphene. b) Transient absorption dynamics of pristine graphene at different pump fluence
from 0.12 to 1.18 W) cm~2, the peaks near time-zero undergo a transition from intraband dominated absorption (positive ;) to interband dominated
bleaching (negative [, ). c) Transient absorption dynamics of QD/Gr heterostructure at different pump fluence. The transition is similar to pristine Gr,

while the interband dominated bleaching occurs at lower pump fluence. d) The magnitude of I, and I..,, at different pump fluence.
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Figure 3. Broadband hot carrier enhancement in the QD/Gr heterostructure. a,b) Schematic of two different carrier transfer channels from QD to Gr:
(a) transfer after cooling to band edges and (b) direct hot carrier transfer. Thick gray arrow refers to carrier transfer (CT) process from QD to graphene
and thin gray arrow refers to the carrier redistribution process in graphene. c,d) Evolution of transient absorption dynamics of pristine graphene and
QD/Gr heterostructure under pump wavelength at 820 nm and probe wavelength at (c) 700 nm and (d) 570 nm. In a wide probe energy range, the
transient absorption changes of pristine graphene remain positive and the transient absorption changes of the QD/Gr heterostructure are all negative
in sign. e) Peak intensity of transient absorption dynamics of pristine graphene and QD/Gr heterostructure under different probe wavelength from 532
to 700 nm. f) Emission spectra of QD, pristine graphene and QD/Gr heterostructure under excitation at 910 nm. A wide spectral range enhancement

of graphene’s ultrafast PL can be observed in QD/Gr heterostructure.

In our pump fluence range (0.12-1.18 uJ cm2), the QD/
Gr heterostructure exhibits similar temporal evolution trend
as monolayer graphene, i.e., the transient absorption changes
from positive to negative with increasing pump fluence. How-
ever, the negative absorption peak in heterostructure appears
at a much lower pump fluence than in graphene (Figure 2c).
We extract the positive and negative transient absorption peak
amplitude from the fluence-dependent experiment, defining
the maximal positive and negative transient absorption signal
as Iy, and I,.. In monolayer graphene, I, doesn’t appear
until pump fluence is above 0.80 uJ cm™. By contrast, it only
requires about 0.13 uj cm™ in the heterostructure (Figure 2d)
to reach this transition point. Given the transient absorption
of graphene is strongly electronic temperature dependent, the
emergence of negative peak corresponds to the critical elec-
tronic temperature that intraband transition is exceeded by
the interband transition. Therefore, we can conclude that the
hot carrier excitation efficiency in graphene is improved up to
five times after coated by QD under small pump fluence near
the intra-interband transition critical point. We attribute the
enhanced hot carrier excitation in graphene to photogenerated
carrier transferring from adjacent QD. Due to strong light
absorption of QD, this carrier injection is highly efficient com-
pared to original carrier excitation in graphene. By contrast, no
time-resolved pump-probe signal can be observed in solely QD
under our experimental conditions.

Since the pump photon energy (at 820 nm) in our experi-
ment is smaller than the bandgap of CdSe/ZnS QD (620 nm),
two photons are required to realize the excitation of QD. There
are two potential routes for carriers in CdSe/ZnS QD transfer-
ring to graphene: the photoexcited carriers in QD can (1) relax
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to the band edges through phonon-assisted cooling before col-
lected by graphene, or (2) directly transfer to graphene from
the excited states, that is, hot-carrier transfer.“*2 For the after-
cooling transfer process, the carriers collected by graphene relax
to QD’s band edges first and give rise to limited redistribution
in graphene (Figure 3a). The Fermi level of graphene locates
at about Fp = —4.58 eVI¥* (Figure Sla—e, Supporting Informa-
tion). The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of CdSe/ZnS QD
are Ey = —5.88 eV and E; = —3.89 eV, respectively (Figure S1If,
Supporting Information). Thus, the estimated energy barrier Ey
between HOMO of CdSe/ZnS QD and graphene Fermi level
is =0.73 eV. If photocarriers in QD transfer to graphene layers
after relaxing to the band edges, the excitation enhancement
range will not exceed 2Ep = 1.46 eV. While for the hot carrier
transfer process, the hot carriers will go through thermal equili-
brating redistribution, leading to extended density of states (to
higher energy states) in the linear band structure of graphene
(Figure 3b). To figure out the underlying mechanism, we meas-
ured the probe wavelength-dependent transient absorption
spectroscopy at fixed pump fluence =0.60 uJ cm=2. As probe
wavelength varies from 700 to 532 nm (Figure 3c,d), the tran-
sient absorption changes of graphene are all positive in sign,
which means intraband transition is always dominated in gra-
phene. On the contrary, the optical responses all reverse to neg-
ative in QD/Gr heterostructure at whole probe range. The sig-
nificant changes reflect that within the probe range, the optical
responses in the heterostructure are all dominated by the inter-
band transition with higher electronic temperature, which sug-
gests that hot carrier excitation in our probing range are always
enhanced (Figure 3e). Relaxation time in pristine graphene is

© 2021 Wiley-VCH GmbH
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Figure 4. Ultrafast hot carrier transfer in the QD/Gr heterostructure. a,b) Rising-up curves of transient absorption dynamics when graphene and QD/
Gr heterostructure are both dominated by (a) intraband transition (pumped at 0.12 pj cm™) and (b) interband transition (pumped at 1.18 ) cm™?).
When intraband transition dominates, a longer rising edge occurs in the QD/Gr heterostructure. By contrast, no difference in rising edge delay can

be seen when interband transition dominates, indicating the ultrafast (less than 50 fs) hot carrier transfer process. c) The delay time of *_ and [, of

pristine Gr at different pump fluence.

longer than QD/Gr heterostructure because of inefficient elec-
tron-optical phonon cooling resulting from weak excitation.*’]

The amplified hot carriers potentially boost the optical
response of graphene. Although graphene is a zero-bandgap
semimetal of which the PL process is supposed to be sup-
pressed, the thermalized hot carriers in graphene facilitate to
realize ultrafast PL emission when excited by femtosecond
laser.®9 The ultrafast PL signal resulting from hot carriers
shows wide range emission spectrum from photon energies
above the pump photons. Under femtosecond pulse laser
excitation at 910 nm (1.36 eV, 6.42 uJ cm™?), the ultrafast PL
spectrum of pristine graphene and QD/Gr heterostructure are
shown in Figure 3f. Compared to solely QD, the TPPL signal
of QD in the heterostructure is rapidly quenched. Meanwhile,
out of QD TPPL spectral range, at 430-550 and 700-842 nm
(842 nm corresponding to the cut-off wavelength of the filter),
the signal intensity in heterostructure evidently increases com-
pared with isolated graphene and QD. Since the enhancement
covers wide spectral range without characteristic sharp peaks,
it can only be attributed to the enhanced ultrafast upconverted
PL signal of graphene. We note that, population of carriers with
energy both larger (430-550 nm) and smaller (700-842 nm)
than the bandgap of QD (at 620 nm) are boosted, which is con-
sistent with the physical picture as shown in Figure 3b. Also,
besides the intensity enhancement, the starting wavelength
of ultrafast PL in heterostructure (at 430 nm) is much shorter
than in pristine graphene (at 500 nm), indicating that the trans-
ferred carriers from QD host higher kinetic energy than those
originally excited in graphene and are active in redistribution
and multiplication process.

We then compared the difference between the transient
absorption dynamics of pristine graphene and the QD/Gr
heterostructure in different excitation regime to find out the
charge transfer dynamics in the heterostructure (extracted from
Figure 2b,c). In the case of both graphene and heterostructure
dominated by intraband transition, featuring positive transient
absorption change (fluence of 0.12 ] cm2), the rising-up curve
(by deconvolution of the transient absorption signal) of hetero-
structure (=360 fs) is about 260 fs longer than in graphene (=100
fs). By contrast, when the optical response is predominantly
depended by Pauli blocking induced by interband transition,
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the rising-up curve of the heterostructure is the same as that of
graphene (fluence of 1.18 uJ cm~2) (Figure 4a,b). The difference
can be traced back to the contribution ratio of intraband transi-
tion and interband transition.*>*! Figure 4c shows the fluence
dependence of the time-delay linked to I, and I, (if any)
in pristine graphene. The time-delay of I, gets larger with
increasing fluence. Since the increasing pump fluence leads to
more efficient Pauli blocking induced by interband transition,
it gives rise to a stronger bleaching which actually cancels out
the positive peak amplitude at the early time and leads to I,
occur at longer time-delay.l*¥) Hence the longer rising-up curves
of I, in heterostructure prove the hot carrier excitation effi-
ciency is improved. When it comes to interband transition,
the redistribution of thermalized hot carriers is established in
very short timescales, and the rising-up curves of I, give no
apparent fluence-dependence. There is no temporal variation
only amplitude enhancement in the rising-up curve of hetero-
structure at the interband transition dominated regime, which
indicates the time scale of hot carrier transfer in the QD/Gr
heterostructure is ultrafast within our temporal resolution. In
addition, the charge transfer time should be comparably ultra-
fast with the ultrafast PL emission process in graphene, which
can then boost intensity of the latter. Given that the ultrafast
PL emission in graphene is in time scale of tens of femtosec-
onds,® the ultrafast hot carrier transfer process should be on
a time scale shorter than 50 fs.

3. Conclusion

In summary, we have investigated the excitation enhancement
of the hot carriers in graphene by ultrafast hot carrier transfer
from adjacent CdSe/ZnS QD. Under sub-bandgap excitation,
two-photon excited hot carriers in QD would directly transfer to
graphene within 50 fs. The transferred carriers are with higher
kinetic energy than those in graphene, which will take part into
the ultrafast thermal redistribution and multiplication process,
leading to notable hot carrier up-conversion and boost the hot
carrier excitation efficiency by up to 5 times under small pump
fluence. Our research paves a new way for hot carrier collec-
tion, which will facilitate the development of graphene-based

© 2021 Wiley-VCH GmbH
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hot carrier-driven high-frequency optoelectronics,
harvesting and near-infrared detection devices.

light-

4. Experimental Section

Transient Absorption Dynamics Measurements: Ti:sapphire oscillator
(Spectra-Physics Mai Tai laser) with femtosecond pulses (=100 fs,
80 MHz) and an optical parametric amplifier (OPO) were used to
perform the pump—probe transient absorption dynamics measurements.
The wavelength of pump/probe was 820 nm / 532-700 nm, respectively.
The pump-—probe time delay was controlled by a motorized delay stage.
The probe beam was focused onto the sample by an objective (40x, N.A.
= 0.65) and detected by a photomultiplier tube (PMT) with reflective
geometry. 750 nm short-pass filter was used to filter out the pump pulse.

Time-Resolved PL Spectroscopy: Pulse from Ti:sapphire oscillator at
820 nm was used to excite samples. The PL signal of target wavelength
was selected at 620 nm by a 750 nm short-pass filter and a spectrometer
(with resolution of =2 nm) after photoexcitation and collection. Then,
the time-resolved PL signal was acquired using single-photon APD
(PicoQuant Company, TDA 200) combining with a TCSPC module
(TimeHarp 260 PICO Single). The integral time was set as 1s with pump
fluence at 2.77 ) cm=,

Ultrafast PL Spectra: Femtosecond pulse laser at 910 nm (=100 fs,
80 MHz) is generated by a Ti:sapphire oscillator (Spectra-Physics Mai
Tai laser). 842 nm short-pass filter was used to filter out the pump pulse.
The integral time was set as 10 s with pump fluence at 6.42 ) cm=2.

Supporting Information

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