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Sample#

as the relative change of the probe reflectivity induced by the pump,ΔR/R0=(R−R0)/R0. Here,R andR0 are
the reflectivities of the probewith andwithout the presence of the pumppulse, respectively. Due to its low
energy relative to the band gaps ofMoSe2 andMoS2, the probe is insensitive to carriers in these layers. The red
symbols in the inset offigure 2 show that the signal, and hence the density of electrons in the conduction band of
graphene, increase to a peak on a picosecond time scale. A simple rate equationwas used to describe the transfer
process, with N N t1 exp TGr 0 U� � �[ ( )], whereNGr andN0 are the density of electrons in graphene and the
initially injected density inMoSe2.We extracted a transfer time of τT=0.7±0.2 ps. Such an ultrafast transfer
time is consistent with previous studies onTMD [27–29] and graphene-TMDheterobilayers [24], where sub-
picosecond interlayer charge transfer has been generally obtained. Since the transfer time ismuch shorter than
the photocarrier lifetime ofMoSe2 [30], themajority of the electrons excited inMoSe2 transfer to graphene,
indicating efficient photocarrier extraction in this structure.

Themain panel offigure 2 shows that the signal is long lived. A single exponential fit (red curve) gives a decay
time constant, and hence the lifetime of electrons in graphene, of 420±50 ps.We note that the pump also
injects photocarriers in graphene, but with a lower density, since the absorbance of graphene is smaller than
MoSe2 at the pumpwavelength.More importantly, carriers injected in graphene are electron–hole pairs without
spatial separation. They recombine on a picosecond time scale, and hence do not contribute to the observed
signal on longer time scales. For comparison, the samemeasurement was repeatedwith the graphene–MoS2
sample, as shown by the black symbols infigure 2. In this case, carriers are injected and recombine in graphene,
with a lifetime as short as 0.9 ps (black curve in the inset), which is consistent with previous reports [14–16].
Similar result was also observed from a grapheneML sample, which is not shown.

The significantly extended lifetime of electrons in graphene demonstrates the effectiveness of the proposed
design of separating electrons and holes. Since the recombination of an electron and a hole requires significant
overlap of their wavefunctions, confining the two carriers in different layers that are separated by amiddle layer

Figure 1. (a) Schematic illustration of the trilayer sample formed by graphene (Gr),MoS2, andMoSe2monolayers. (b)Band alignment
of the trilayer sample. Electrons (blue circle)photoexcited inMoSe2 can transfer to graphene (dotted arrow), while holes (orange
circle) are expected to reside inMoSe2 due to the energy barrier provided byMoS2. (c)Microscope image of the sample. (d)
Photoluminescence spectra of theGr–MoS2–MoSe2 and control samples.
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Results#

can effectively suppress their recombination, and thus extend their lifetime [31]. Thefinite lifetime observed
could be attributed to the tunneling of the holes fromMoSe2 to graphene over theMoS2 barrier (figure 1(b)),
which recovers the spatial overlap of electrons and holes and facilitates their recombination. As such, by
choosing different barriers, one could control the graphene carrier lifetime for targeted applications.

Based on thismechanism, the increased electron lifetime in graphene should be accompanied by similarly
long lifetime of holes that reside inMoSe2 (see figure 2(b)). To confirm that, we used a 1.68 eV pumppulse to

Figure 2.Electron transfer fromMoSe2 to graphene and its lifetime in graphene–MoS2–MoSe2 trilayer. The red symbols are
differential reflection signal of the trilayer samplemeasuredwith a 0.81 eV probe (sensing electrons in graphene) after a pumppulse of
1.57 eV excited theMoSe2 layer. An exponential fit (red curve) shows a lifetime of 420 ps. The black symbols are the result of the same
measurement performedwith the graphene–MoS2 bilayer sample, showing the ultrashort carrier lifetime of 0.9 ps in graphene. The
inset shows the signal at early delays. The red curve is afit to the electron transfer process, with a transfer time of 0.7 ps.

Figure 3.Hole dynamics in graphene–MoS2–MoSe2 trilayer. The blue symbols are differential reflection signal of the trilayer sample
measuredwith a 1.57 eVprobe (sensingMoSe2) after a pumppulse of 1.68 eV excited the sample. An exponential fit (blue curve)
shows a hole lifetime of 500 ps. The black symbols are the result of the samemeasurement performedwith theMoS2–MoSe2 bilayer
sample, showing a hole lifetime of 334 ps. The inset shows the signal from the trilayer at early delays.
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