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Abstract:

At organic donor-acceptor (D-A) interfaces, electron and hole are bound together to form
charge transfer (CT) excitons. The electron and hole wavefunctions in these CT excitons can
spatially delocalize. The electron delocalization opens up possibilities of extracting free charges
from bound excitons by manipulating the potential energy landscape on the nanoscale. Using a
prototype trilayer structure that has a cascade band structure, we show that the yield of charge
separation can be doubled as compared to the bilayer counterpart when the thickness of the
intermediate layer is around 3 nm. This thickness coincides with the electron delocalization size
of CT excitons typically found in these organic films. Tight-binding calculation for the CT states
in the trilayer structure further demonstrates that electron delocalization, together with the energy
level cascade, can effectively flatten the energetic pathway for charge separation. Hence, it is
possible to add nanometer-thick layers between the donor and the acceptor to significantly enhance
the charge separation yield.
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Extracting free charge carriers from bound excitons has been a bottleneck process for the
photo-to-electrical conversion in organic and nano-materials. At a typical organic donor-acceptor
(D-A) interface, electron and hole are bound together to form the so-called charge transfer (CT)
exciton.!® The relatively large binding energy of these CT excitons increases the likelihood of
recombination before the CT exciton can dissociate, which limits the photo-to-electrical
conversion yield. Tightly-bound excitons can also be found in other low dimensional materials
such as monolayer transition metal dichalcogenide crystals (TMDC)’® and nanocrystals.” Hence,
developing strategies to separate excitons into free charges is crucial for employing these materials
in light harvesting applications. It is proposed that hot CT excitons, with excess vibrational or
electronic energies acquired from the energy offset at the D-A interface, can facilitate the
separation of CT excitons into free charges.!®!” However, the lifetime of these hot CT excitons is
extremely short and they tend to lose their excess energy within a few ps.!" 8 In order to extract
free charges from hot CT excitons before they relax into tightly-bound states, electron and hole
need to be separated from each other on a sub-ps timescale, which can be a challenging task.

CT exciton dissociation, or often referred to as charge separation (CS), would be facilitated
by controlling the potential energy landscape near the D-A interface such that electron and hole
can be funneled to sites that are close to, but are slightly away from the D-A interface. Indeed, it
has been proposed that imperfections near the interface introduced by molecular mixing'* or
disorder** would promote CS. Furthermore, it is known that electron and hole within a hot CT
exciton can be spatially delocalized with a delocalization size on the order of a few nm.!3-15-18. 25
The electron delocalization, together with nanoscale-potential energy landscape design, can open
up new possibilities of using multilayer structures to extract charges from bound CT excitons. For

example, a charge cascade structure shows in Fig. 1a can achieve such goal if the thickness of the



middle layer is on the order of the electron delocalization size. Electron delocalization allows the
two interfaces to couple coherently, which assists the separation of bound CT excitons formed at
either of the interfaces. CS across an intermediate layer via interlayer electronic delocalization has
been demonstrated in TMDC multilayer structures.’® For organic materials, although charge
cascade structures have been shown to increase the photovoltaic efficiency,?’*! the efficiency-
increase is often attributed to a reduction in the electron-hole recombination after the CS. Because
the increase in the photocurrent can also be attributed to the enhancement in the initial CS yield,
steady-state device measurements often unable to detangle the contribution from each of the two
processes. Hence, it remains unclear whether a cascade structure, with its thickness matching the
electron delocalization size, can enhance the initial separation yield of delocalized CT excitons.
Here, we use our recently developed time-resolved graphene field effect transistor (TR-
GFET) technique to probe the dynamics and yield of free carrier generation in prototype trilayer
structures consisting of vacuum-deposited small molecule films. Previously, our time-resolved
photoemission studies found that hot CT excitons in these films have an electron delocalization
size of ~3-5 nm.'® 3234 Here, the TR-GFET technique®>3® selectively probes free charges
generated by the CS process. By probing the concentration of separated charges as a function of
time, we can independently measure the initial CS yield and the recombination rate of separated
carriers, and distinguish effects from each of those processes on the overall photocurrent. We find
that the initial CS yield is doubled in a trilayer sample as compared to a bilayer sample with a
similar optical density, when the thickness of the cascade structure matches the electron
delocalization size of the CT exciton. Our tight-binding model further shows that electron
delocalization across the cascade structure flattens the energetic pathway for CS, which reduces

the energy barrier for CS, and would explain the increase in the initial CS yield observed in the



experiment. Our study demonstrates that an artificially tailored multilayer structure can be used to
extract charge carriers from bound excitons via electron delocalization.

A trilayer structure consists of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA),
fluorinated zinc phthalocyanine (FgsZnPc) and ZnPc, which are deposited consecutively on a
graphene substrate in an ultrahigh vacuum (UHV) chamber. These molecules are expected to have
a face-on orientation®> 37 with the n-stacking direction lies along the surface normal direction.
Detailed sample preparation procedures can be found in the method section. The energy level
diagram of our trilayer structure is shown in Fig. la. The highest occupied molecular orbital
(HOMO) onsets of the three molecules are determined from a series of ultraviolet photoemission
spectroscopy (UPS) spectra which are shown in Fig. 1b. The energy is reference with respect to
the Fermi level (Ey). The lowest unoccupied molecular orbital (LUMO) position in Fig. la is
determined by using the reported HOMO-LUMO gaps (onset-to-onset) of the three molecules.*®
39 The multilayer structure forms a charge cascade which can funnel electron and hole into the

PTCDA and ZnPc layers, respectively (Fig. 1a).
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Fig. 1. a) A schematic diagram shows a trilayer film deposited on graphene and its energy level
diagram. b) UPS spectra that are used for determining the HOMO energy levels in (a). The three
samples have the following thicknesses: (red) 5-nm PTCDA; (purple) 5-nm FgZnPc/5-nm
PTCDA; (blue) 2-nm ZnPc/5-nm FgZnPc/5-nm PTCDA.



Figure 2a illustrates how the GFET sensor is used to measure the CS dynamics from the
trilayer structure. In the TR-GFET experiment, the ZnPc and FgsZnPc layers are selectively excited
by a 700-nm, 25-fs laser pulses. After the consecutive CT and CS processes, free holes remain
trapped in the ZnPc layer while free electrons transport to the PTCDA layer and, subsequently,
inject into graphene through the charge cascade structure. The trapped holes in the topmost ZnPc
layer induce an equal number of electrons in the graphene by capacitive coupling as in a parallel
plate capacitor. As a result, the graphene becomes n-doped. This n-doping produces a measureable
change in the graphene’s conductivity***! because of the low density of state of graphene near the
Dirac point. The change in the graphene’s channel resistance (ARG/Rc), which is captured by a 200

35, 42

MHz oscilloscope, provides a direct measurement of the number of separated charges as a

function of time.
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Figure 2. a) A schematic diagram shows how the free carriers generated by the CS can be detected
by the GFET sensor. The resistance change (ARc/Rc) of the doped graphene is measured by an
oscilloscope, which is proportional to the amount of separated carriers. (b) The normalized ARG/Rc
signal for bilayer ZnPc/PTCDA and trilayer ZnPc/FsZnPc/PTCDA samples on a short timescale;
and (c) a longer timescale. (d) The signal amplitude near time zero, which is proportional to the
initial CS yield, as a function of temperature.



Figures 2b and 2¢ show the normalized ARG/R¢ signal of bilayer 7-nm ZnPc/5-nm PTCDA,
and trilayer 7-nm ZnPc/2-nm FgZnPc/5-nm PTCDA samples collected on two different timescales.
In Fig. 2b, the signal rise time represents the time needed for generating free electron-hole pairs.
For comparison, the instrumental rise time of the oscilloscope is shown as the dashed line. The
signal rise time is limited by the time-resolution of our oscilloscope (~ 1 ns) for both samples. The

fast rise time is reasonable because the sample thickness is comparable to both the exciton

43-44 18, 33, 36

delocalization size and the electron delocalization size of the CT exciton that we
previously found in these thin films. Hence, the whole charge generation process is not limited by
the slow incoherent diffusion of either excitons or free charges. Indeed, as a reference, the signal
rise time increases if we increase the PTCDA’s thickness to 15 nm (supporting information, Fig.
S1). Here, we will focus on thinner samples such that the CT and CS processes, instead of
incoherent diffusion, are probed. Moreover, the dynamics on the longer timescale (Fig. 2¢) probes
the recombination kinetics of the electron-hole pair. The electron-hole recombination in the trilayer
sample is significantly slower than that of the bilayer sample as shown by the longer signal
lifetime. This behavior is expected because the middle FsZnPc layer spatially separates the electron
and hole, which reduces the electron-hole recombination.

In order to understand the CS mechanism, the initial signal amplitude (at  ~4 — 14 ns) as
a function of temperature is measured. Figure 2d shows the signal amplitude of the bilayer and
trilayer samples at different temperatures. For comparison, the amplitude is normalized with the
amplitude at the room temperature. Although both samples show a weak temperature dependence,
the trend is very different. For the bilayer sample, the signal amplitude decreases slightly with the

temperature. In this sample, both PTCDA and ZnPc molecules have a face-on orientation.>* Our

previous work has shown that the entropic driving force facilitates CS at this orientation, which



results in the weak temperature dependence.’?>* By contrast, for the trilayer sample, the signal
amplitude increases at lower temperatures. This is rather surprising because the CS is an enthalpy
uphill process, which should be suppressed at lower temperatures. On the other hand, the electron
delocalization size should increase at lower temperatures because of the reduction in dynamical
disorders. Therefore, if the CS is facilitated by electron delocalization, the yield of such channel
should increase at lower temperatures. Hence, the increase in the CS yield at lower temperatures
is consistent with the proposed delocalization-assisted CS in the trilayer sample.

We further measure the absolute number of separated carriers in the trilayer sample as a
function of the intermediate layer, i.e. FgZnPc, thickness. For this purpose, back-gated samples
with the graphene transferred on SiO2 (300 nm)/Si instead of glass were used. By applying a back
gate voltage (V) to the highly-doped Si substrate, the graphene can be doped electrically*-¢ and
the change in the resistance as a function of V, can be obtained. Because the number of carriers
induced by the electrical gating can be determined simply by using the equation of a parallel plate
capacitor, the Vy-dependent measurement can be used to calibrate the response of a graphene
sensor originated from the doping. An example of such data is shown in Fig. 3a.

In this measurement, the sample was illuminated with fs laser pulses (700 nm) and the
graphene’s resistance was determined before (# < 0 ns; corresponding to the dark condition), and
immediately after the fs laser pulse excites the sample (r = 10 ns; corresponding to the light
condition). This early time signal represents the amount of free charges generated from the initial
dissociation of CT excitons before the recombination of these separated carriers occurs. We note
that measurements obtained from samples on Si0»/Si systematically underestimate the resistance-
change near time zero because of the much larger RC response time of back-gated samples (see

supporting information). Therefore, the resistance change at # = 10 ns is corrected by a factor that



is determined by comparing time traces obtained from a pair of samples with the same thicknesses
made on glass and on Si02/Si (Fig. S2). The dark and light resistance at various Vy is plotted in
Fig. 3a. The shift of the whole curve to the left under the light indicates that optical excitation
dopes the graphene with electrons. The number of the separated electrons N can be related to the

voltage shift (AVy) by:**

KEGA 1

N = AV, =22, (1)

where k and d are the dielectric constant and the thickness of SiO» respectively, €9 is the vacuum

permittivity, 4 is the area of the graphene channel and e is the electron charge.
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Figure 3. (a) The inverse of the graphene’s channel resistance as a function of the gate voltage V,
for the 2-nm ZnPc/3-nm FgZnPc/5-nm PTCDA trilayer sample. Optical excitation results in a
horizontal shift of the curve (AV), which can be used to calculate the amount of separated charges
N using Eq. (1). (b) The red curve shows the density of the separated charge as a function of
FsZnPc thickness for trilayer samples. The thicknesses of ZnPc and PTCDA are fixed at 2 nm and
5 nm, respectively. The blue curve represents the quantum yield of CS. For comparison, the same
measurement is done for a 5-nm ZnPc/5-nm PTCDA bilayer sample. The CS yield of the bilayer
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sample (purple star) is compared to that of the 2-nm ZnPc/3-nm FgZnPc/5-nm PTCDA trilayer
sample, which has a nearly identical optical density. The CS yield of the trilayer sample is doubled
compared to that of the bilayer sample.

Figure 3b shows the average density of the separated carriers (n,, = N/A) for trilayer
samples as a function of the FsZnPc thickness. The thickness of the ZnPc and PTCDA layers are
fixed at 2-nm and 5-nm, respectively. The number of separated carriers (red curve) increases at
small thicknesses because of the increase in the light absorber (FsZnPc) thickness. It peaks at a
FsZnPc-thickness of around 3 nm. When the thickness of the FsZnPc layer is further increased, .,
decreases. The decrease in n,, can be attributed to the thickness of the FsZnPc layer being larger
than the electron delocalization size, which was found to be around 4 nm in our samples.!® 323336
When the intermediate layer thickness is larger than the electron delocalization size, the two
interfaces (ZnPc/FsZnPc and FsZnPc/PTCDA) are decoupled and delocalization can no longer
assist the separation of the CT exciton. Moreover, charges need to diffuse across the thicker
intermediate layer through incoherent hopping, which further lowers the overall CS yield.

In our experiment, a laser wavelength of 700 nm (1.78 eV) is used. This photon energy is
smaller than the optical gap of PTCDA. Hence, the optical absorption of the PTCDA layer is much
weaker than that of ZnPc and FsZnPc layers. We have estimated the optical absorption in ZnPc
and FsZnPc by a transfer matrix optical model.*’*® that accounts for the multilayer interference
effects (see supporting information). This allows us to determine the quantum yield of CS for each
sample. The yield as a function of the FsZnPc-thickness is shown as the blue curve in Fig. 3b (right
axis). We note that the yield is relatively low (~ 10 — 30 %) because our sample is at the open-
circuit condition, i.e. the carriers are not swept out from the active layer, but opposite charges built

up on top and bottom faces of the multilayer stack can stop further CS. The yield is the highest for

FsZnPc-thicknesses < 3 nm and it decreases at larger thicknesses. For comparison, the result for



the bilayer 5-nm ZnPc/5-nm PTCDA sample is shown on the plot as the purple star. The bilayer
5-nm ZnPc/5-nm PTCDA sample is compared with the 2 nm-ZnPc/3-nm FgZnPc/5-nm PTCDA
sample because they have similar optical densities (ZnPc and FsZnPc have similar optical
absorption cross-sections®). The comparison shows that the addition of the FsZnPc interlayer
increases the yield from ~ 12.7 % (bilayer) to ~ 27.2% (trilayer) (the vertical arrow in Fig. 3b).
The doubling of the CS yield demonstrates that the use a charge cascade structure can significantly
enhance the CS yield when the thickness of the intermediate layer is smaller than or close to the
electron delocalization size.

Before we continue with our discussion, it is worthwhile to recapture the result from our
previous work on the ZnPc/FsZnPc interface, in which the fs- and ps- dynamics of the CT exciton
is probed by time-resolved two photon photoemission spectroscopy (TR-TPPE).3> 33 At the
ZnPc/FsZnPc interface, a mixture of bound CT excitons and loosely-bound electron-hole pairs
(these two states are labelled as CT and CS states in Ref. [32, 33]) is formed in ~ 10 ps after the
photoexcitation. This CT/CS mixture recombines with an exponential decay time of 830 ps (Fig.
S4 in the supporting information). Moreover, the spectral shape of this CT/CS peak in the
photoemission spectrum does not change much for ¢ > 50 ps while the overall population decays.**
33 Hence, this CT/CS mixture is stable and does not undergo significant energy relaxation or
trapping prior to its recombination. For the TR-GFET experiment, the electron can be extracted
from this CT/CS mixture throughout its ~ 1 ns lifetime whenever the electron reaches the graphene
layer via stochastic motions. In Fig. 3b, the initial CS yield is calculated from the TR-GFET signal
in the first few ns after photoexcitation. Considering that the signal decay in the first 10 ns is small

(<10 %, see Fig. 2b), the yield shown in Fig. 3b essentially represents the initial CS yield of this
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CT/CS mixture. Here, we refine our definition of the “initial CS yield” to as the yield for successful

electron extraction from the CT/CS mixture prior to the CT exciton recombination.

a) Initial CS of CT excitons

b) Recombination of
separated charges

Figure 4. Schematics show (a) the initial CS process of the CT exciton and (b) the recombination
of separated charge carriers. The FsZnPc can both increase the initial CS yield and reduce the
recombination of separated charges. In our measurement, the former leads to the increase in the
signal amplitude in early times (~ 1 — 10 ns) while the latter leads to a longer signal lifetime.
Typically, in a cascade structure, two mechanisms can increase the overall free carrier
generation yield and the resultant photocurrent. First, the initial CS yield of the CT exciton
(illustrated in Fig. 4a) can increase due to the presence of the cascade structure. The change in the
local energy landscape resulting from the middle layer can increase the CS rate (kcs) relative to
the recombination rate (kr) of the CT exciton, which increases the initial CS yield. As mentioned
above, the increase in the initial CS yield leads to the increase in the signal amplitude in early
times (a few ns) in our time-resolved experiment. Second, the middle layer can act as a barrier to
prevent the recombination of separated carriers (Fig. 4b), which can increase the photocurrent in
typical steady-state measurements as well. However, in our time-resolved measurement, the

reduced recombination of separated carriers is manifested as an increase in the signal lifetime (see

Fig. 2c). Hence, the data shown in Fig. 3, which is obtained from the signal amplitude in the first
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few ns after the photoexcitation, does not capture the reduced recombination of the separated
electrons and holes as shown in Fig. 4b. In the discussion below, we will focus on how the cascade
structure and the electron delocalization can potentially enhance the initial CS yield.

In Fig. 3, it can be seen that the CS yield decreases when the middle layer becomes too
thick (e.g., the yield drops significantly at thickness > 6 nm). Hence, the trilayer structure is
effective only when the two interfaces are close to each other. From our previous time-resolved

18,33-34 we know that the electron delocalization size of CT excitons in

photoemission experiments,
these organic films is in the range of 3 — 5 nm. The optimal thickness of the middle (FsZnPc) layer
coincides with the electron delocalization size of CT excitons. Therefore, we hypothesize that the
electron delocalization, together with the cascade structure, can enhance the initial CS yield. To
understand how electron delocalization would increase the initial CS yield, we model energies of
delocalized CT and CS states in the trilayer structure. The energy difference between CT and CS
states corresponds to the energy barrier of the CS process. A reduction in this energy barrier can
significantly increase the kcs shown in Fig. 4a.

To determine the CT and CS state energies, we first note that the strong intermolecular
coupling along the m-stacking direction produces a manifold of CT-CS states with spatially
delocalized electron and hole.'*? States within this manifold can have different energies (E) and
electron-hole separations (de-»). The variation in the local energy landscape introduced by the
charge cascade structure can affect the E-d..; relationship, which in turn determines the energetic
pathway for CS. We model E and d..» of the manifold of CT/CS states in a 1-D molecular chain
using a generic tight-binding model*** that consists of three layers (donor, acceptor-1 and

acceptor-2). The intermolecular distance is set to be 0.4 nm. In this model, the hole is located at

the donor (ZnPc) layer, while the electron can delocalize across the acceptor-1 (FsZnPc) and the
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acceptor-2 (PTCDA) layer. Under the site representation, a CT-CS state is described by a two-
body wavefunction |i, j), where i and j are indexes representing the positions of electron and hole,

respectively. The eigenstates are then found by diagonalization the tight-binding Hamiltonian:

H=i§ AN ZZEoffao Jac2)|lj>(l]|+z Z]ez(n i) In, )0

i Jj ini#n
N M
£ It 1 m) |
i jm,j*m

In this equation, the function V.(i, j) represents the Coulomb interaction between the
electron and hole. Furthermore, if the electron is located on an acceptor-2 site (juc2), the energy of
|, 7) is reduced by the LUMO offset (Eop) found at the FsZnPc/PTCDA interface. Eop is set to be
0.1 eV based on our estimation (Fig. 1). The term Je/(n, i) is the electron transfer integral between
site n and site 7 and Jx(m, j) is the hole transfer integral between site m and site j. Here, we only
consider the electronic coupling between nearest-neighbor sites. The eigenenergy (E) represents
the sum of the Coulomb binding energy, the energy stabilization due to the cascade structure, and
the energy bandwidth resulting from the nearest-neighbor electronic coupling. We model the
energy and the probability distribution of eigenstates for a trilayer (donor/acceptor-1/acceptor-2
with thicknesses of 5.2-nm/3.2-nm/5.2-nm) and a bilayer structure (donor/acceptor with
thicknesses of 5.2-nm/8.4-nm). For the bilayer structure, E,y1s set to be zero.

Figure 5a and b show the distribution of eigenstates in the £-d.., space. Each dot represents
an eigenstate. A distinct difference between the two distributions can be seen. For the bilayer
sample (Fig. 5a), E increases continuously with d..»,, which can be understood as a continuous
reduction in the Coulomb binding energy as d.., increases. On the other hand, for the trilayer
structure, E is insensitive to des for de.» > 2 nm. The energetic pathway for the CS is “flatten™ at
larger d..» because the site energy (the 2™ term in Eq. 1) is reduced as the wavefunction spreads

from the acceptor-1 layer to the acceptor-2 layer, which compensates the energy increase
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originated from a weaken Coulomb interaction (the 1% term in Eq. 1). The flatten energetic
pathway allows CS to occur iso-energetically as far as some relative hot CT excitons are initially

populated (e.g. the state represented by the purple star in Fig. 5b).
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Figure 5: Distribution for the eigenstates in the E-d.., space for (a) a bilayer sample and (b) a
trilayer sample. The thickness for the bilayer and trilayer samples are 5.2-nm (donor)/8.4-nm
(acceptor), 5.2-nm (donor)/3.2-nm (acceptor 1)/3.2-nm (acceptor 2), respectively. (¢, d) The
probability distribution of the electron wavefunction for eigenstates shown as stars in (a) and (b).
The energies of these states are shown in the figure legend. The D-A interface is located at the
distance equal to zero. For the trilayer sample, the interface between acceptor 1 and acceptor 2 is
shown by the vertical dashed line.

To visualize the wavefunction for eigenstates with different d..;, the probability distribution
of the electron for three selected eigenstates (shown as stars in Fig. 5a and 5b) are plotted in Fig.
5c and 5d. The color of the lines in Fig. 5S¢ and 5d is chosen to match the color of the stars shown
in Fig. 5a and 5b. The purple states represent hot CT exciton states with the delocalized electron
residing near the D-A interface. Typically, these hot CT states are populated initially after the
charge transfer occurs at the D-A interface.!! '® The red states represent CS states in which the
electron is separated from the hole. The hot CT state can transition into the CS state via

intermediate states (magenta states) in which the electron is delocalized across the whole acceptor

layer. For the trilayer structure, the three types of states have similar energies, which allows an
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iso-energetic CS process. On the other hand, CS states has distinctly higher energies in the bilayer
sample, which results in an energy uphill CS process. We note that the energy stabilization effect
introduced by the acceptor-2 layer diminishes if the thickness of the middle acceptor-1 layer is
larger than the electron delocalization size. For a thick acceptor-1 layer, CS will need to occur via
an energy uphill process as in the donor/acceptor-1 layers first before the separated electron can
migrate into the acceptor-2 layer. In the other word, the two interfaces decouple from each other.
We would like to comment that our model does not calculate the time dependent dynamics directly.
Moreover, it does not include electron-vibration interactions, which would localize the electron
and change the energies of some of those CT/CS states. Therefore, it can only be treated as an
illustration on how the electron delocalization would affect the energetic pathway for CS and the
initial CS yield.

In summary, we show that in a trilayer charge cascade structure, if the thickness of the
intermediate layer matches the electron/hole delocalization size within the CT exciton, the CS
yield can be enhanced significantly. In the case of the ZnPc/FsZnPc/PTCDA, the CS yield is
increased by ~ 100% as compared to the bilayer ZnPc/PTCDA with an equivalent optical
thickness. The much larger CS yield at the open circuit condition implies that a smaller internal E-
field would be needed to separate the CT exciton if such cascade structure is implemented at the
D-A interface in an organic solar cell. The cascade structure can potentially reduce the energy loss
contributed by the CT exciton binding, which can in turn improve the open circuit voltage of the
solar cell.

METHOD
Sample Preparation - To fabricate the sample, monolayer CVD graphene grown on Cu

(purchased from Graphene Supermarket) was transferred either on glass or Si0»/Si (for back-gated
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samples). Before used, these substrates are cleaned by methanol and acetone. The standard wet
transfer method with Polymethyl methacrylate (PMMA) stamp was used to transfer the graphene.>
The transferred graphene was then loaded into a UHV deposition chamber (with a base pressure
of 10 Torr) for electrode (Ag, ~ 100 nm thick) deposition. A shadow mask was used to define an
array of electrodes. Then, a different shadow mask was used to cover the graphene channel. The
sample was then sputtered by a 1 keV Ar ion beam so that a 1 mm x 1 mm graphene channel can
be patterned between two electrodes. The graphene device was then annealed inside the UHV
deposition chamber at 400 °C overnight to remove polymer residues that may remain on the
graphene surface. After the annealing, PTCDA (Alfa Aesar, 98%), FsZnPc (Luminescence
Technology, Taiwan, >99%), and ZnPc (Luminescence Technology, Taiwan, >99%) were
deposited on the graphene using thermal evaporation. The deposition rates were kept at 0.3-0.4
A/minutes for PTCDA, and 0.8-1.0 A/minutes for FsZnPc and ZnPc. The thickness of the film was
monitored using a quartz crystal microbalance.

TR-GFET Measurements - The sample was first loaded into a high vacuum cryostat (pressure ~
107 Torr). It was excited by a femtosecond laser (output from Light Conversion Orpheus-N-2H
pumped by Pharos 10 W). The wavelength and the repetition rate were 700 nm and 100 Hz,
respectively. Note that the low repetition rate is achieved by using a pulse picker inside the Pharos
laser. The duration of each pulse was 25 fs. The pulse energy was around 340 nJ. The full-width-
half maxima of the pulse size is 1.2 mm, which roughly covered the whole graphene channel. The
graphene channel was connected to a reference resistor and a DC power source in series.*> *? The
voltage drop across the reference resistor was measured by a 200 MHz oscilloscope (Keysight

DS0X2024A). A portion of the laser beam was split from the main beam using a quartz window,
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which was directed to a photodiode in order to produce a signal for triggering the measurement.
The final time trace was obtained by averaging 1024 traces obtained from 1024 laser pulses.

UPS Spectroscopy — The UPS measurement was done using the He-I emission line (21.22 eV)
generated from a UV discharge lamp. The kinetic energy of the photoelectrons were measured
using a hemispherical electron analyzer (Phoibos 100, SPECS).

Tight-binding model — A 1-D tight-binding model is used to model the bilayer and trilayer

2
samples. The Coulomb potential is given by: V,.(i,j) = _4::<e ri, where €, is the vacuum
07ij

permittivity, « is the dielectric constant, and 7; ; is the distance between site i and site j. A dielectric
constant equal to 3.5 was used, which is a typical value for organic semiconductors. The electron
and hole transfer integral (Je1, Ji) between nearest neighbors was set to be 50 meV. This value is
in line with typical values reported for organic crystals.’!>* At the acceptor 1 and acceptor 2
interface, Je; is reduced to 20 meV. The nearest neighbor distance is set to be 4 A, which is typical
for the intermolecular distance for planar molecules along the n-stacking direction.
ASSOCIATED CONTENT
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