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Abstract

We report generation of long-lived and highly mobile photocarriers in hybrid van
der Waals heterostructures that are formed by monolayer graphene, few-layer transition
metal dichalcogenides, and organic semiconductor of FgZnPc. Samples are fabricated
by dry transfer of mechanically exfoliated MoSs or WSo few-layer flakes on a graphene
film, followed by deposition of FgZnPc. Transient absorption microscopy measurements
are performed to study the photocarrier dynamics. In heterostructures of FgZnPc/few-
layer-MoSs /graphene, electrons excited in FgZnPc can transfer to graphene and thus be
separated from the holes that reside in FgZnPc. By increasing the thickness of MoSs,
these electrons acquire long recombination lifetimes of over 100 ps and high mobility of
2800 cm? V~! 571, Graphene doping with mobile holes is also demonstrated with WSy
as the middle layers. These artificial heterostructures can improve the performance of

graphene-based optoelectronic devices.
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Since its discovery, graphene!™ has been regarded as a promising material for optoelec-
tronic applications due to its superior properties, such as high charge carrier mobilities® and
broadband light absorption.® However, the development of graphene-based optoelectronic
devices has been hindered by the difficulty of generating free and long-lived photocarriers
in graphene with high efficiency. Although light can excite electrons and holes in graphene
by interband absorption, they form tightly-bond excitons due to their Coulomb attraction, ’
which is significantly enhanced in two-dimensional (2D) structures.®? The formation of the
excitons has two consequences that significantly limit the optoelectronic performance of
graphene. First, as neutral particles, excitons do not produce a photovoltage due to the
lack of charge separation. Second, the exciton recombination lifetime is as short as several
picoseconds in graphene, causing rapid loss of absorbed photon energy predominately to the
lattice.

Recently, stacking graphene with other 2D materials to form van der Waals heterostruc-
tures has shown promise to produce artificial optoelectronic materials. For example, com-
bining graphene with transition metal dichalcogenides (TMDs) was considered beneficial for
optoelectronic applications, taking advantage of their superior charge transport and opti-
cal absorption properties, respectively.!? Various devices based on graphene-TMD bilayer
heterostructures have been explored, such as photodetectors,''1? photovoltaics, 114 field-
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effect transistors, memory devices, ¥ and vertical tunneling transistors.?° However, since

graphene and TMD form type-I band alignments, both electrons and holes quickly transfer

to graphene and recombine.?'"?® Although heterostructures combining graphene with two
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TMD monolayers or two organic semiconductors®! could separate the carriers and pro-
long their recombination lifetime, it is unclear whether electrons and holes are still interacting

with each other, which limits generation of freely moving charge carriers in graphene.



Here we show that hybrid multilayer van der Waals heterostructures with suitable band
alignments can produce long-lived and highly mobile photocarriers in graphene. By com-
bining graphene with few-layer TMDs and organic semiconductor, photoexcited electrons
and holes can be spatially separated to different materials to suppress their recombination.
With thick TMD middle layers, the electron-hole Coulomb attraction can be reduced, allow-
ing high in-plane mobilities of the charge carriers in graphene. Such artificial materials can
enhance the performance of graphene-based optoelectronic devices. Moreover, the strategy
demonstrated can be generally applied to design van der Waals heterostructures with finely

controlled charge carrier properties at atomic length scales.

Results and Discussion

Heterostructure design and hypothesis on carrier dynamics. The hybrid het-
erostructures studied are composed of a 2-nm-thick organic semiconductor of fluorinated
zinc phthalocyanine (FgZnPc), a few-layer (nL) TMD (MoS; or WSy, n = 1, 2, 3, or 4),
and a monolayer graphene (Gr). Figure 1(a) shows the energy band alignment of the het-
erostructure formed by FgZnPc, 1L MoS,, and graphene. Our ultraviolet photoemission
spectroscopy (UPS) measurements (see Methods) show that the lowest unoccupied molecu-
lar orbital (LUMO) of FsZnPc is about 0.4 eV above the conduction band minimum (CBM)
of 1L MoS,. With the Dirac point of graphene being below the CBM of MoS,,?? electrons
(-) excited in FgZnPc experience a laddered band alignment and are expected to transfer to
graphene (purple arrow). The same UPS analysis indicates that the highest occupied molec-
ular orbital (HOMO) of FgZnPc is about 0.4 eV above the valance band maximum (VBM)
of MoS,. Hence, the photoexcited holes (+) could be confined in FgZnPc by the energy
barrier of MoS,. The spatial separation of the electrons and holes is expected to extend
their recombination lifetime. For the FgZnPc/1L-WS, /graphene heterostructure, our UPS

measurements reveal that the LUMO (HOMO) of FgZnPc is lower than the CBM (VBM)
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Figure 1: (a) Band alignment of the heterostructure formed by FgZnPc, 1L MoS,, and
graphene. The upper and lower horizontal lines on the left represent the LUMO and HOMO
levels of FgZnPc. The orange and gray boxes represent the conduction and valence bands of
MoS, and graphene. Photoexcited electrons (-) are expected to transfer to graphene, while
holes (+) reside in FgZnPc. (b) Band alignment of the FgZnPc/WS, /graphene heterostruc-
ture that allows hole doping of graphene. (c¢) Schematics of in-plane carrier distributions
in FgZnPc/MoSs/graphene in strong binding regime, where the immobile holes in FgZnPc
prevent free motion of electrons in graphene. (d) Significant in-plane diffusion of electrons
in graphene in weak binding regime with thicker MoS, middle layer.

of WS,, allowing holes to transfer to graphene while confining electrons in FgZnPc, as illus-
trated in Figure 1(b). We note that only the carriers excited in FgZnPc are shown in Figure
1 for clarity. In experiments with a high photon energy (3.18 eV), all three materials are pho-
toexcited. However, these additional carriers do not change the layer-separated electron-hole
population shown in Figure 1 (see detailed discussions in Supporting Information, Figure S1
and S2).

Although the graphene layer can be populated by one type of charge carriers in such
heterostructures, their mobility could still be limited. Figure 1(c) shows the situation, using
the MoS,-based heterostructures as an example, where the electrons in graphene are strongly
bound to the holes in FgZnPc in forms of interlayer excitons. Hence, the mobility of these
electrons is limited by the immobile holes in FgZnPc. Our central hypothesis is that, by
increasing the thickness of the middle layer, the Coulomb interaction can be reduced by
both the dielectric screening effect and the increased charge separation, as schematically

illustrated in Figure 1(d), allowing the electrons to move freely in the graphene layer.



Carrier diffusion in FgZnPc/nL-MoS,/graphene heterostructures. The pho-
tocarrier dynamics in the FgZnPc/nl.-MoS, /graphene heterostructure samples is study by
using a homemade transient absorption microscopy setup based on an 80-MHz Ti-doped
sapphire laser.?? For each region of the sample with n = 1, 2, 3, or 4, a tightly focused 3.18-
eV and 1.4 xJ cm™2 pump pulse injects photocarriers. By using an absorption coefficient
of 10® m~1,33 the estimated carrier density injected in the FgZnPc layer is about 1.1 x 10
cm 2. The carriers are detected by measuring differential reflectance of a 1.59-eV probe
pulse, AR/Ry = (R — Ry)/Ro, where R and R, are the reflectance with and without the
pump, respectively.®? Since the probe photon energy is smaller than the band gaps of MoS,
and FgZnPc, it senses the carriers in graphene, and is proportional to their density. To reveal
spatiotemporal dynamics of the carriers, the probe spot is scanned with respect to the pump
laser spot, while at each probe position the differential reflectance is measured as a function
of the probe delay.

Figure 2(a) - 2(d) shows the measured differential reflectance as a function of the probe
delay and probe position for the four regions of n = 1, 2, 3, and 4, respectively. At each probe
delay, the spatial profile of the signal reflects the in-plane density distribution of the electrons
in graphene. Figure 2(e) - 2(h) each shows several examples of such profiles at various probe
delays. If the electrons in graphene are non-interacting and undergo a classical diffusion
process, the variance of their spatial distribution evolves as 02(t) = o2 + 2Dt, with D being
their diffusion coefficient.?* To compare with this model, the profiles are fit by Gaussian
functions, as illustrated by the curves in Figure 2(e) - 2(h). The resulting evolution of
the variance is summarized in Figure 2(i) - 2(1) as the black squares. A clear trend of
faster electron diffusion with increasing the MoSy thickness is observed. With 1L MoSs,,
electron diffusion is undetected. This can be attributed to the effect of the holes in FgZnPc.
Organic semiconductors often possess rather low charge carrier diffusion coefficients. A recent
2

study revealed that in FgZnPc, the carrier diffusion coefficient is on the order of 107% cm

s~1.3% Hence, the hole in-plane distribution largely remains unchanged during the measured
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Figure 2: (a)-(d) Spatiotemporally resolved differential reflectance measured from
FsZnPc/nl-MoSs /graphene heterostructure samples with n = 1, 2, 3, and 4, respectively.
(e)-(h) Selected spatial profiles of differential reflectance from the 4 samples. For (e), the
probe delays are 2.8 (black), 10.2 (red), 17.7 (blue), 25.1 (pink), and 33.0 ps (green). For (f),
(g), and (h), the probe delays are 5.5 (black), 20.4 (red), 35.3 (blue), 50.2 (pink), and 65.0
ps (green).The solid curves are Gaussian fits. (i)-(1) Change of the variance of the spatial
distributions as a function of probe delay. Lines are linear fits.

time scale. As schematically illustrated in Figure 1(c), the strong Coulomb attraction from
the immobile holes thus prevent diffusion of the electrons. Increasing the MoSs thickness,
the Coulomb attraction from the holes is reduced due to the larger charge separation and
the stronger dielectric screening, resulting in an increase of the diffusion coefficient. With
2L and 3L MoS, [Figure 5(j) and 5(k)], the growth of the variance is clearly observed,
although the data do not conclusively establish the linear increase. Nevertheless, linear fits

2 571, respectively. For the

to the variance result in diffusion coefficients of 11 and 19 cm
heterostructures with 4L MoS, [Figure 5(1)], the data strongly support a linear expansion,

with a diffusion coefficient of 36 cm? s~*. Using Einstein’s relation, the diffusion coefficient



of 36 cm? s! corresponds to a graphene electron mobility of u = 2eD/kgT ~ 2800 cm?
V1 571 where e, kg, and T = 300 K are the elementary charge, the Boltzmann constant,
and electron temperature, respectively. The factor of 2 accounts for the linear dispersion of
graphene.3® The deduced mobility is comparable to typical values for CVD graphene at room
temperature.®” At lower temperatures, the mobility could be enhanced due to the reduced
phonon scattering. Even if the electrons are not entirely free from the holes, the significant
improvement achieved with 41, MoS, is promising for many optoelectronic applications.

Carrier diffusion in FgZnPc/nL-WS,/graphene heterostructures. The hypoth-
esis is further tested with FgZnPc/nL-WS,/graphene heterostructures. As shown in Figure
1(b), here, the holes are expected to transfer to graphene while the electrons will reside
in FgZnPc. The dynamics of the holes in the graphene layer is studied with the transient
absorption microscopy technique under the same conditions. The results are summarized in
Figure 3. A trend of faster carrier diffusion in graphene with thicker WS, is also observed.
However, unlike the MoS,-based heterostructures, the expansion of the variance here appears
sub-linear. By fitting the data from the heterostructure with 4L WS, with an expression of
AtP where A is a constant, we find a power of p = 0.55 [blue curve in Figure 3(i)]. The
effective diffusion coefficient (defined according to the derivative of the blue curve) varies
from 55 to 13 cm? s7! [red lines in Figure 3(i)], which are on the same order of magnitude as
the results from the heterostructure with 4L MoS,. The sub-linear expansion could indicate
that the hole diffusion in graphene is still influenced by the electrons in FgZnPc. However,
more sophisticated modeling is needed to fully understand the difference between the two
sets of heterostructures.

To further confirm the trend of the reduction of the Coulomb attraction and the increase
of the carrier mobility in graphene with increasing the middle layer thickness, a sample
of FsZnPc/TL-WS, /graphene is studied, with results presented in Supporting Information,
Figure S5. We obtained a rather linear expansion of the variance, with a diffusion coefficient

of 46 & 3 cm? s~!. However, it should be noted that although a thicker middle layer facilitates
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Figure 3: (a)-(d) Spatiotemporally resolved differential reflectance measured from
FsZnPc/nlL-WS, /graphene heterostructure samples with n = 1, 2, 3, and 4, respectively.
(e)-(h) Selected spatial profiles of differential reflectance from the 4 samples with probe de-
lays of 5.7 (black), 20.6 (red), 35.5 (blue), 50.4 (pink), and 65.4 ps (green). The solid curves
are Gaussian fits. (i)-(1) Change of the variance of the spatial distributions as a function of
probe delay. The blue curve in (i) is a fit (see text). Its initial and final slopes (red lines as
eye guide) correspond to diffusion coefficients of 55 and 13 cm? s™!, respectively.

free motion of the carriers in graphene, it could compromise interlayer charge transfer and
separation efficiency.

Charge-transfer-limited lifetime. We now discuss the decay mechanism of the long-
lived signal in both sets of the heterostructures. Figure 4(a) shows the peak signal (that
is, at the center of the profile) as a function of the probe delay for the four MoSs-based
heterostructures. By single-exponential fits (cyan curves), we deduce the decay time con-
stants, as summarized in Figure 4(b). As the number of MoS, layer changes from 1 to 4, the
decay time constant increases from 25 to 110 ps. All these values are much longer than the

electron-hole recombination lifetime of graphene (1.8 + 0.2 ps, measured with a monolayer



graphene sample, Figure S3), demonstrating the effect of charge separation. Furthermore, in
a control sample of FgZnPc/graphene (that is, without the middle TMD layer), the lifetime
is as short as 1.6 £ 0.4 ps (Figure S4), since in this case both electrons and holes transfer to
graphene. Figure 4(c) illustrates schematically our interpretation of this observation of the
thickness-dependent lifetime: Since the electrons and holes are separated to graphene and
FgsZnPc, their recombination requires transfer of the holes from FgZnPc to graphene by tun-
neling through the MoS, barrier (purple arrow). With ultrashort recombination lifetime in
graphene, the decay time of the signal reflects this tunneling time (or the population lifetime
of the holes in FgZnPc). Due to the thickness dependent band structure of TMDs, the VBM
at I point increase with thickness, as indicated by the dashed lines.3® This lowers the barrier
height and thus should enhance the tunneling. However, the barrier width scales linearly
with the layer number. Hence, our results show that overall, the tunneling time increases
with the thickness of MoS,;. Furthermore, the tunneling-limited lifetime is expected to be
insensitive to the lattice temperature.

Interestingly, the decay time shows a different trend in the WSs-based heterostructures,
as summarized in Figure 4(d) and 4(e). The decay in FgZnPc/1L-WS,/graphene is about
250 ps, while with n = 2, 3, and 4, the decay times are all about 50 ps. We hypothesize
that with n = 2, 3, and 4, the CBM of WS, drops to below the LUMO level of FgZnPc, as
indicated in Figure 4(f), allowing band-offset driven electron transfer, instead of tunneling.
The decay time of the control sample with 7L, WS, is about 40 ps [Supporting Information
Figure S5(d)], further suggesting that the delay time is independent of thickness for n > 2.
These features suggest the opportunity of designing the type and thickness of the middle lay-
ers to engineering the photocarrier lifetime in such hybrid heterostructures. However, more
studied, especially computational works, are needed to fully understand some of the observa-
tions, such as the rather long lifetime with 1L WS, and the opposite trend of the MoSs-based
samples. In both sets of samples, an additional constant component is observed, indicating

that there is a long-lived excitation contributing to the signal. We attribute this feature to
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Figure 4: (a) Peak differential reflectance of the MoSs-based heterostructure samples as

function of probe delay, measured with the pump and probe spots overlapped. The cyan
curves are single exponential fits. (b) The deduce decay time constant as a function of the
number of layers of MoS,. (c¢) Schematics of the charge recombination model due to the
hole tunneling to graphene. (d), (e), and (f) Same as (a), (b), and (c) for the WSy-based

heterostructure samples.
the charge-transfer excitons formed at FgZnPc/TMD interfaces. Such hybrid charge-transfer
excitons with long recombination lifetimes can form at organic/inorganic semiconductor in-
terfaces.?% ! In the regions of our samples with poor contact between graphene and TMD
layers, charge transfer to graphene can be inefficient, favoring charge-transfer exciton forma-
tion.

We emphasize that the trilayer design is a key element to extend the carrier lifetime.
Previously, TMD /graphene bilayer heterostructures have been widely studied. % 2° However,

since both electrons and holes reside in graphene in such heterostructures, the photocarrier
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21729 35 summarized in Supporting Infor-

lifetimes are rather short, in the range of 1 - 4 ps,
mation, Table S1. Furthermore, the electron-hole Coulomb interaction and the formation of
excitons in graphene could hinder efficient charge separation. The addition of the FgZnPc
layer in our heterostructures allows only one type of carrier to populate the graphene layer,
and with high mobilities.

Recently, many organic semiconductors have been combined with TMDs to form hybrid
heterostructures, such as ZnPc,3%4%43 FoZnPc,* HyPc,*® CuPc,*0 fullerene, *” pentacene, 4849
PTB7,°%5! and P3HT:PCBM.52 In this study, we use FgZnPc as the organic layer because
its ionization potential can be varied by as much as 1.5 eV by changing the degree of fluo-
rination,®® which allows us to fine tune the band alignment. In particular, FgZnPc forms a
type-II band alignment with both MoS; and WS, while allowing the graphene to be doped
with electrons and holes, respectively. However, the demonstrated strategy can be generally

applied to other organic semiconductors so long as they form a type-II band alignment with

the middle layer.

Conclusions

In summary, we have demonstrated an effective strategy to construct hybrid multilayer het-
erostructures that can produce long-lived and mobile photocarriers in graphene. By increas-
ing the middle layer thickness of FgZnPc/nL-MoS,/graphene heterostructures, the electrons
in graphene can be effectively separated from the holes, resulting in long recombination
lifetimes. With reduced Coulomb interaction, the electron mobility of 2800 cm? V~! s71
is achieved, as revealed by spatiotemporally resolved transient absorption measurements.
Graphene doping with mobile holes is also demonstrated with WS, as the middle layers.
These artificial heterostructures can improve performance of graphene-based optoelectronic

devices.
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Methods

Sample fabrication and characterization. To fabricate the FgZnPc/nlL-MoS, /graphene
heterostructure samples, a thin MoS, flake is obtained by mechanical exfoliation from a bulk
crystal (acquired from 2D Semiconductors) onto a polydimethylsiloxane (PDMS) substrate.
Figure 5(a) shows its microscope image. To identify the thickness of various regions, their
green channel contrast is analyzed. The contrast of a certain region of the sample is defined
as the difference of the counts of the flake and the substrate, which are proportional to
their respective reflectance, normalized by the counts of the substrate. Previous studied
have established that the contrast of a thin flake on a thick and transparent substrate is
proportional to its thickness.®® The inset of Figure 5(b) shows the obtained contrasts for
the regions of different thickness, as labeled in (a). The clear step-like feature allows safe
assignment of the layer thickness of each region. Furthermore, the contrast of 0.2 is the
smallest value obtained after surveying many flakes, further establishing it as the contrast

of the smallest possible thickness (1L).
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Figure 5: (a) Optical microscope image of the nL-MoS, flake. (b) Photoluminescence spectra
of different regions of the MoS, flake shown in (a). The inset shows the optical contrasts of
different regions of the flake.

To further confirm the thickness of the flake and to probe the thickness-dependent

12



band structures, photoluminescence (PL) spectra from different regions are measured un-
der continuous-wave laser excitation of 3.06 eV and 1 uW. The laser spot is about 1 pm in
full width at half maximum. The sample is kept in ambient condition at room temperature.
The results are shown in Figure 5(b), where the PL intensity is measured by the counts
normalized by integration time and excitation power. The peak at about 1.9 eV from the 1L
region is consistent with the well-established K valley excitons of 1L MoS,.%%%¢ Increasing
the thickness, this peak quenches and slightly red shifts, with appearance of a low-energy
peak at about 1.55, 1.4, and 1.38 eV for 2L, 3L, and 4L regions, which originate from the
indirect transitions between A and I" valleys.

Next, a WS, flake is fabricated with the same procedure, as shown in Figure 6. Similar
to the MoS, flake, the step-like contrast shown in the inset of Figure 6(b) allows assignment
of their thickness. PL spectra from this flake are measured under the same conditions as the
MoS, flake. The bright peak at 2.0 eV from 1L region [black curve in Figure 6(b)] further
confirms its thickness, while the indirect peaks at 1.75, 1.60, and 1.50 eV in 2L, 3L, 4L
regions, respectively, are in excellent agreement with previously reported PL spectroscopy

of few-layer WS,.%"

(a (b)
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Figure 6: (a) Optical microscope image of the nL-WS, flake. (b) Photoluminescence spectra
of the different regions of the sample shown in (a). The inset shows the optical contrasts of
the different regions of the flake.
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To fabricate the heterostructure samples, the MoS, and WS, flakes are transferred, re-
spectively, to two monolayer graphene films, which are synthesized by chemical vapor de-
position (CVD) on quartz substrates (acquired from ACS Materials). Next, a 2-nm layer
of FgZnPc molecules (99% purity, sublimed, acquired from Luminescence Technology, Tai-
wan) is deposited on each sample in an ultrahigh vacuum chamber (107 Torr) at room
temperature, with a deposition rate of 0.5 A/ min.

Ultraviolet photoemission spectroscopy. The band alignment of the FgZnPc/TMD
interface is determined by using UPS. Because our system does not have pm-scale spatial
resolution, large area and CVD-grown continuous 1Ls of MoS; and WS, are used. Before
the measurement, the MoS, and WS, films are annealed at 400°C in an ultrahigh vacuum
chamber (based pressure: 1 x 107! Torr) overnight to obtain a clean surface. We collect
the photoemitted electrons along the surface normal direction, which corresponds to the I'
point in the k-space. The measured spectra for the MoS; and WS, films (blue curves) are
shown in Figure 7. Unlike bulk crystals, 1L TMD does not has dispersion along the surface
normal direction. Therefore, we simply use the peak position as the VBM at the I' point.
We note that the actual VBM for 1L TMD is at the K point. For 1L MoSs (WSs), the VBM
at the K point is 0.13-eV5® (0.3-eV5?) higher than that at the T’ point. These differences
are added to the VBM at the I' point to determine the VBM at the K point. Next, FgZnPc
films with various thickness are deposited on the TMD. The HOMO peak can be identified
in their UPS spectra [Figure 7(a) and 7(b)]. Because FsZnPc has a very narrow bandwidth,
the peak position is used. The energy offset between the HOMO and the VBM at the K
point can be found, which is shown on the energy level diagram on the right of the figure.
In the diagram, the HOMO level is set at 0 eV.

To determine the position of the CBM and the LUMO, reported band gaps of these ma-
terials are used. We note that these materials have large exciton binding energies. However,
we found that the type of band alignment does not change by either using the exciton band

gap or the quasiparticle band gap. The exciton band gap can be obtained from the optical
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Figure 7: (a) The UPS spectra for CVD-grown 1L MoS; and FgZnPc films with various
thickness deposited on the MoS,. The figure on the right shows the energy level diagram
derived from the UPS spectra and reported band gaps of these materials. (b) Same as (a),
but the MoS, is replaced by 1L WS,.

absorption spectra (FgZnPc: 1.78 eV, 1L MoS,: 1.88 eV, 1L WSy: 2.03 eV). These levels are
labeled as “Ex” in the band diagram shown in Figure 7. For the quasiparticle band gap, we
use an exciton binding energy of 0.24 eV and 0.23 eV% for MoS, and WS, respectively.

We cannot find the quasiparticle band gap for FgZnPc in the literature. For similar phthalo-

cyanine molecules, the reported transport gap is in the range of 1.9-2.3 eV.%27% Hence, a

15



value of 2.1 eV is used in the band diagram.
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Additional Carrier Dynamics

Figure 1(a) of the main text only shows the dynamics of the electrons and holes that are
excited in the FgZnPc layer for clarify. In the experiments with a 3.18-eV pump, carriers
are also excited in the MoS, and graphene layers, as shown in the left panel of Figure S1.
As discussed in the main text, the electrons excited in FgZnPc transfer to MoS;. These
electrons, along with those excited in MoS,, are expected to transfer to graphene, driven by
the conduction band offset between MoS, and graphene. The holes excited in MoS; could
transfer to FgZnPc or graphene, since it has the lowest VBM. Meanwhile, the electrons
and holes excited in graphene can undergo energy relaxation towards the band edge states
by releasing their excess energy (dotted arrows). These processes all occur on ultrafast
time scales. Hence, after about 1 ps, there are hole population in FgZnPc and imbalanced
electron/hole population in graphene, as shown in the middle panel of Figure S1. Next,
electron-hole recombination in graphene occurs on a few-ps time scale, resulting in layer-
separated electron-hole population as shown in the right panel of Figure S1. For the WS,-
based heterostructures, the additional carriers excited in WSy and graphene undergo similar
ultrafast transients, as summarized in Figure S2. The end result after a few ps is also the
layer-separated electron and hole populations.

In summary, the carriers excited in TMD and graphene layers do not alter the layer-
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Figure S1: Time sequence of expected carrier dynamics immediately following pump
pulse excitation of 3.18 eV in FgZnPc/MoSs/graphene heterostructure.
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Figure S2: Time sequence of expected carrier dynamics immediately following pump
pulse excitation of 3.18 eV in FgZnPc/WS,/graphene heterostructure.

separated electron-hole population after the short transient processes. Hence, these processed
do not influence our discussion on the carrier diffusion in graphene, and are thus omitted in

the main text.

Control Samples

For comparison, two control samples are fabricated and measured along with the heterostruc-
ture samples discussed in the main text.

First, differential reflectance of a monolayer graphene sample is shown in Figure S3.
Here, a 1.57-eV pump pulse injects photocarriers, which dynamics is monitored by a 0.83-eV
probe. The signal decays exponentially, with a time constant of 1.8 4= 0.2 ps. This results is
consistent with previously established short lifetime of photocarriers in graphene.!

Second, a heterostructure sample of FgZnPc/graphene is studied to demonstrate the
effect of the middle TMD layers. This sample is obtained on the same substrate of the
trilayer heterostructure samples. Since FgZnPc is uniformly deposited on graphene, regions
of graphene that are not covered by TMD can be naturally used as such a control sample.
Figure S4 shows the measured differential reflectance signal. A 3.18-eV and 5-pJ cm™2 pump

pulse excites both layers. A 1.59-eV probe monitors carrier population in the graphene layer,

which has a lifetime of about 1.6 £ 0.4 ps (red curve). This experiment shows that, without
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Figure S3: Differential reflectance of monolayer graphene measured with a 1.57-eV and 1.5-uJ
cm~? pump and a 0.83-eV probe. The sample is at room temperature.

the middle layer, both electrons and holes excited in FgZnPc can transfer to graphene and
recombine rapidly. Hence, the insertion of the TMD middle layer is essential for separating

the electrons and holes to extend their lifetime in graphene.
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Figure S4: Differential reflectance of a heterostructure formed by FgZnPc and graphene mea-
sured with a 3.18-eV and 5-pJ ecm™2 pump and a 1.59-eV probe. The sample is at room
temperature.
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Figure S5: Photocarrier dynamics in a FgZnPc/7L-WS,/graphene heterostructure sample.
(a)Spatiotemporally resolved differential reflectance. (b) Selected spatial profiles of differen-
tial reflectance. The probe delays are 5.5 (black), 20.4 (red), 35.3 (blue), 50.2 (pink), and
65.0 ps (green).The solid curves are Gaussian fits. (¢) Change of the variance of the spatial
distribution as a function of probe delay. The red line is a linear fit that gives a diffusion co-
efficient of 46 cm?s™!. (d) Peak differential reflectance as function of probe delay, measured
with the pump and probe spots overlapped. The red curve is an exponential fit with a decay
time constant of 40 ps.

Heterostructure Sample with a Thick Middle Layer

To confirm the trend of increasing the carrier diffusion coefficient in graphene with thicker
TMD middle layers, an additional heterostructure sample, FgZnPc/7L-WS,/graphene, is
studied. The 7L WSs is expected to have a bandstructure similar to bulk WS,, while pro-
viding even larger charge separation and dielectric screening than the 41, WS,. Transient
absorption measurements are performed on this sample, with the same experimental condi-
tions are the other WSy-based heterostructures. Figure S5 summarizes the spatiotemporally
resolved differential reflectance signal with 3.18-eV and 1.4 pJ cm™=2 pump and 1.59-eV probe
pulses. By fitting the spatial profiles at different probe delays with Gaussian function [with

a few examples shown in Figure S5(b)], the change of the variance is obtained and plotted in



Figure S5(c). The linear fit shown as the red line in Figure S5(c) yields a diffusion coefficient
of 46 4+ 3 cm? s7!. Finally, the peak signal is plotted in Figure S5(d) as a function of probe

delay. An exponential fit gives a decay time constant of 40 4+ 3 ps.

Photocarrier Lifetime in TMD /Graphene Bilayer Heterostructures

Table 1: Previously reported photocarrier lifetimes in TMD /graphene bilayer heterostruc-
tures. The reference numbers are those in the main text.

Heterostructure | Lifetime Citation Ref. #
MoSy/Gr 1 ps Lane et. al. Nano Futures 2, 035003 (2018) [19]
MoS,/Gr 2 ps Tran et. al. ACS Nano 14, 13905 (2020) 20]
MoSy/Gr 1 ps Luo et. al. Nano Lett. 21, 8051 (2021) 21]
WS, /Gr 3.5 ps He et. al. Nat. Commun. 5, 5622 (2014) [22]
WS, /Gr 1 ps Yuan et. al. Sci. Adv. 4, 1700324 (2018) 23]
WS, /Gr 1 ps | Aeschlimann et. al. Sci. Adv. 6, eaay0761 (2020) | [24]
WS,/Gr Aps | Ferrante el. al. PNAS 110, e2119726110 (2022) | [25]
WSe,/Gr 2.4 ps Tan et. al. ACS Photo. 4, 1531 (2017) 26]
WSey/Gr 2.3 ps Zhou et. al. Sci. Adv. 7, eabg2999 (2021) 27]
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