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ABSTRACT

Van der Waals heterojunction involving graphene (Gr) with transition metal
dichalcogenides (TMDs) is regard as a promising structure for their outstanding
performance in optical and optoelectronic response. The electron-hole
thermalization has been deemed to be the main reason for the sub-bandgap-excitation
charge transfer from Gr to TMDs. However, the role of the intricate interlayer
interaction of the Gr and the TMDs still require intensive investigation. Here, we have
investigated the photocarrier dynamics in 5-layer PtSe»/Gr heterojunction by using
time-resolved optical pump and terahertz probe spectroscopy. Interestingly, after
photoexcitation, electron transfer from PtSe>: to Gr in PtSe»/Gr/substrate
heterojunction has been demonstrated successfully, by contrast, no observable charge
transfer occurs in the Gr/PtSex/substrate heterostructure. The prominent difference for
the different stacking sequence between Gr and PtSe: can be ascribed to the effective
built-in field introduced by fused silica substrate. A physical picture accounting for
built-in electric field introduced by substrate has been proposed to interpret the charge
transfer process in the TMD/Gr heterostructure—the substrate built-in electric field
plays a dominated role for controlling the charge transfer pathway in the TMDs/Gr
heterojunction. This study not only shed the light to the substrate engineering but also
provide a new insight into the dynamic in Gr/TMDs heterojunction, which provides a

new method to optimize the performance of photodetection.
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Introduction

Two-dimensional (2D) materials including graphene, monolayer TMDs (MoS.,
MoSe>, WSz, WSe; etc.) have captured great attention due to their potential
applications in optics!?, electronics’, optoelectronics*>, and electrochemicals®’. With
the novel characteristics comparing with bulk materials, 2D materials provide
opportunities to design desired optical and optoelectronic device with new
functionalities.® A class of van der Waals heterojunction structure—artificially stacking
layers with different kinds of 2D materials, representing a new class of 2D
materials.”!! In contrast to traditional semiconductor, in which the heterojunction can
be formed under lattice matching condition only, lattice mismatch can be ignored
when stacking different 2D materials into heterojunction, thus providing a platform
for improving the photoactive applications and further understanding the carrier
dynamics in 2D materials.'*!* Many heterojunctions have been designed and
fabricated such as Gr/TMDs in recent years.* % 12 1416 Manipulation of charge transfer
across the interfaces provides atomically-thin-heterojunction potential materials in
replacing the traditional optoelectronics.

Among many heterostructures, the Gr/TMDs heterojunction has been paid special
attention due to the easy fabrication, tunable Fermi surface of graphene, high
conductivity, as well as efficient charge transfer across the interface between two
materials.!”"!” Additionally, due to the efficient thermalization within the electronic
system in graphene, hot carriers in graphene after photoexcitation can inject into the
TMDs even photon energy is well below the band gap of the TMDs. !5 13:20 [n WS,/Gr
bilayer heterojunction, different physical pictures are proposed. By using transient
absorption micro-spectroscopy combined with DFT calculation, Yuan et. al. reported
that the excitation below WS> bandgap and leading to enhancement in photocarrier
generation by visible optical excitation.!® Chen ef. al. demonstrated high efficiency
(~50%) carrier injection from graphene into WS: via transient absorption
spectroscopy, and they proposed a 2uPTE model,?! in which the photoexcited
electrons and holes establish separate Fermi distribution with electrons in conduction

band and hole in valence band in undoped graphene within sub-picosecond time scale.



Fu et. al. came out that hot electron transfer occurs upon photon energy below the
A-exciton,'® while hole transfer takes place upon above A-exciton photoexcitation,
and the experiment results are well reproduced by the phenomenological
thermodynamic model.!® All these proposed models can well explain the carrier
transfer in the individual Gr/TMD heterostructure, but few studies investigate the
influence of the stacking order between Graphene and TMDs on the charge transfer
and carriers dynamic as far as we learn about."

Besides the attractive and interesting dynamics of carriers in Gr/TMDs heterojunction,
the substrate effect can have great impact on the charge transfer in the heterojunction
as well, which has been paid little attention in previous studies.!> 2> Owing to weak
coupling between TMD and graphene interface, the electronic states of participating
materials remain largely unchanged. With the external electric field induced by
substrate, charge transfer process in the heterojunction is manageable by substrate
engineering. Xing et. al.”® reported the impact of built-in field introduced by sapphire
substrate on the charge transfer process between WSe»/Gr via optical pump and THz
probe and transient absorption spectroscopy. Moreover, previous theoretical studies
have pointed out that the built-in field can have important influence on the charge
transfer in TMD heterojunction?®, this arises our interests that how important of the
built-in electric field is for the charger transfer process in Gr/TMDs heterojunction.

In this article, by employing optical pump and THz probe (OPTP) spectroscopy, we
have investigated the charge transfer process in a 5-layer PtSe»/Gr heterojunction on a
fused silica substrate. The experimental results demonstrate that ultrafast charge
injection from PtSe> to graphene occurs after photoexcitation, and the charge injection
process is strongly related to the built-in electric field introduced by substrate. In
PtSe»/Gr/substrate, the substrate built-in electric field is pointed from Gr layer to
PtSe; layer, the photoexcited electrons transfer process is promoted leading to
negative THz photoconductivity under low pump fluence. With increasing the pump
flunece, the negative THz photoconductivity develop into positive one gradually due
to the screening of built-in field by the photogenerated carriers, which precludes the

occurrence of charge transfer. By increasing the pump fluence further, the



heterostructure exhibits positive THz photoconductivity arising from photocarriers of
PtSe; solely, in which the built-in electric field has been screened completely by
photocarriers. In contrast, no observable charges transfer in Gr/PtSez/substrate occurs
because the built-in electric field hinders the electron injection process, in which the
THz photoconductivity remains positive under various pump fluences and excitation
wavelengths. Our experimental results in Gr/PtSe: heterostructures provide solid
evidence that the driving force for the occurrence of charge transfer is dominated by
built-in field introduced by substrate rather than pumping photoenergy.

Experimental section

Large-area monolayer graphene and 5-layer (5L) PtSe» heterostructures on 1
mm-thick fused silica substrate were grown by chemical vapor deposition method
(provided by six-carbon technology, Shenzhen China). Two samples with different
stacking order were fabricated, PtSe»/Graphene/substrate was named as Gl and
Graphene/PtSez/substrate was named as G2 in the left part of this article.
Time-resolved THz spectroscopy was performed using a 120 fs, 1 kHz Ti: Sapphire
regenerative amplifier system. The THz pulses were generated and detected with a
pair of 1 mm-thick, (110)-oriented ZnTe crystals. The wavelength tunable pump pulse
is delivered from optical parameter amplifier system (TOPAS-C) pumped with 800
nm pulse. The spot size on the sample was 3 mm for the THz beam and 6.5 mm for
the pump beam. We measured the pump-induced THz electric field transmission (AE)
normalized to the THz transmission without photoexcitation (Eo) for the same sample
as a function of the pump—probe delay t. All measurements were performed at room
temperature.

Results and discussions

Figure 1(a) illustrates the side view of the Gr/PtSe; heterojunction, which is
constructed from the CVD growth monolayer graphene and 5-layer PtSe: on a fused
silica substrate. Figure 1(b) shows UV-vis absorption spectra of the two
heterostructures with different stacking order. According to the previous report, PtSe:
film changes from semiconductor into semimetal with the increasing thickness.?*2

The band gap of our 5-layer PtSe; is determined to be about 0.52 eV from the



UV-visible absorption spectra, which is accord to the previous report.?* Both G1 and
G2 show similar absorption and identical bandgap.”® A typical Raman spectrum
obtained from two heterojunctions are demonstrated in Fig. 1(c). The inset in Fig. 1(c)
shows two pronounced peaks in 175 cm™ and 204 cm!. The peaks in the two films
can be ascribed to in-plane vibration (175 ¢cm!, E; mode) and out of plane vibration
(204 cm!, A1z mode) of the Pt and Se atoms,?* respectively. The intensity rations of
Aig and Eg is about 0.16 that is nearly same as previous report.? Intriguingly, two
obvious peaks in Fig. 1(c) are contributed by G-band and D-band of monolayer
Graphene.?®?” The Raman spectra and transient THz spectroscopy indicates the
graphene in our heterostructure is n-type. The position of the G-band in G1 (1591
cm") shows a large blue shift with that of G2 (1583 cm™), which indicates different
carrier concentration in the two heterostructures. The central frequency of G-band can

Er=(vg-1580 cm!)/42 cmle V!

be used to estimate the Femi level by 28 The

Femi level in G1 is calculated about 0.2 eV and the Fermi energy in G2 is much close
to the Dirac point than that in G1. The prominent difference in the graphene Fermi
level with different stacking order can be ascribed to the effect of built-in electric filed
induced by substrate. The built-in field in G1 heterostructure points from graphene to
PtSe>, which enable electron charges in PtSe> tend to move towards graphene. In
contrast, the effect of built-in field in G2 tends to move electrons out of graphene. In
short, the experimental results demonstrate substrate induced built-in electric field has
great impact on the Fermi energy of graphene for different stacking sequence of

Gr/PtSe; heterostructures.
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Fig. 1 (a) Schematic of the heterostructures for 5L-PtSe; /Gr from the side view. (b) UV-visible
absorption spectra of G1 (black) and G2 (red). (¢) Raman spectra of G1 (black) and G2 (red). The
inset plots the Raman spectra of E, and Aj, modes of PtSe,. For comparison, UV-visible
absorption and Raman scattering spectra of silica substrate supported S5-layer PtSe2 film are
presented in Fig. S1 in Supplementary Information (SI)

To further explore the dynamical charge transfer in the two heterostructures with
photoexcitation, OPTP spectroscopy is employed to study the photocarrier dynamic at
room temperature. The carrier dynamic of SL PtSe; is also studied by OPTP as well
for comparison. For the film with thickness of a few nm, AE/Eo is related to the
photoinduced sheet conductivity, Ac, which is?’

Cc = (Eq. 1)

Where n=1.95 is the refractive index of the fused silica substrate, and Z¢=377 is the
free space impedance.!® Figure 2 shows the transient THz photoconductivity (-AE/Eo)
of G1 heterostructures under 780 nm (a) and 1300 nm (b) with various pump fluences.
Interestingly, the THz photoconductivity is negative at low pump fluence but develops
into positive signal with increasing pump fluence gradually at both excitation
wavelengths. Phenomenally, the pump fluence dependent THz photoconductivity
shown in Figs. 2(a) and (b) can be divided into three regime: (i) all the THz
photoconductivity signals remain negative at low pump fluence; (ii) all signals remain
positive under high fluence; (iii) the signal contains both positive at earlier delay time

and negative signal at later delay time under intermediate fluence. For comparison,




the transient THz response of SL PtSe: film on fused silica substrate under identical
photoexcitation at 780 nm is presented in Fig. S2 in SI. It is noted that the 5-layer
PtSe: film always shows positive THz photoconductivity and monolayer graphene
demonstrates negative THz photoconductivity. The THz photoconductivity for both
PtSe> and graphene films alone does not change sign with various pump fluences. In
addition, it should be noticed that the THz photoconductivity of individual SL PtSe: is
at least 5 times larger than that of monolayer graphene under identical photoexcitation
at both 780 nm and 1300 nm. Therefore, if there is no charge transfer between two
materials, the THz photoconductivity should keep positive under all conditions. In
fact, the heterostrucutre behaves negative signal under low pump fluence, which
manifests that transient THz response from graphene plays dominated role under low
pump fluence, and charge transfer across the interface is expected to occur in the
heterostructures after photoexcitation. Let’s discuss the photoinduced negative signal
first, as illustrated in the inset of Figs. 2(a) and (b), the magnitude of negative signal
increases with pump fluence less than 25 mlJ/cm? for both 780 and 1300 nm.
Considering much higher Fermi level (~0.2 eV) of graphene in G1 heterosructure as
well as the relatively lower pump fluence, the negative THz photoconductivity in G1
is ascribed to the efficient intra-band scattering in graphene that heats electron to high
temperature, leading to faster momentum scattering time, and therefore decrease the
THz photoconductivity according to Drude model.?”> 303! The elevated electron
temperature is achieved under higher pump fluence, which cause larger negative THz
photoconductivity in graphene. The OPTP signal under low pump fluence in our Gl
heterojunction is accord to the graphene response. The positive THz
photoconductivity signal under high pump fluence is dominated by PtSe.. The red
dots in the insets of Fig. 2 (a) and (b) plot the peak value of THz photoconductivity
(i.e. (-DE/Eo)max) with respect to the pump fluence, which are accord to that of 5L
PtSe; as shown in Fig. S2 in SI. We then pay attention to the THz photoconductivity
that shows both positive and negative signals under intermediate pump fluence. With
increasing pump fluence, the negative signals become weaker and disappear finally,

while the positive signal becomes more pronounced and plays dominated role under



higher pump fluence.

In conclusion,

our pump fluence dependent THz

photoconductivity in G1 heterostructure shown in Figs. 2(a) and (b) demonstrates that

the negative THz photoconductivity under low pump fluence is accord to thermalized

carriers in graphene, which are photoinjected from PtSe;. While the positive THz

photoconductivity under high pump fluence is accord to the photocarriers response in

PtSe», in which the carriers transfer process is precluded and the photoexcitation of

PtSe> plays the dominated role. Under intermediate pump fluence, the THz

photoconductivity response in Gl could be the superposition of transient THz

response of monolayer graphene and that of 5L PtSe:.
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Figure 2 (a and b) The transient THz photoconductivity of G1 under various pump fluence excited

by (a) 780 nm and (b) 1300 nm. The inset plots the peak modulation depth, -AE/Eo with respect to

the pump fluence for the two excitation wavelengths. (¢c) The pump fluence dependent relaxation



time of photoconductivity in G1 under low (less than 25 mJ/cm?) and high pump fluence (higher
than 150 mJ/cm?) at 780 nm (black) and 1300 nm (red), respectively. (d) The extracted extremums
of THz photoconductivity with respect to absorbed photon density with low and intermediate
pump fluence for the excitation wavelength of 780 nm (black) and 1300 nm (red). The arrows in
blue, black and red indicate the minimum magnitude of Ao, the thresholds of two THz
photoconductivity extremums at 780 and 1300 nm, respectively. Inset plots the magnitude of
Aomax With respect to absorbed phonon density at high pump fluence for 780 and 1300 nm
excitation.

In order to better understand the dynamics of the charge transfer, we employed a

phenomenological model to fit the dynamics of photoconductivity by Eq. 2 as follows

2
Eo T T
(Eq.
2)

Where t is the pump-probe delay time, T and A are the correlative relaxation constant
and amplitude, respectively. w is the THz probe pulse. Figure 2(c) displays the pump
fluence dependent relaxation time for both negative THz photoconductivity at low
pump fluence and positive THz photoconductivity at high pump fluence. It can be
adopted that, with increasing pump fluence, the relaxation time increases under low
pump fluence scope, and it is noted that the relaxation of negative signal is strongly
relevant to the pump fluence for both wavelengths as shown in Fig. 2(c), which
indicates again that the negative signal is accord to the photoresponse of graphene.?%
32 The transient negative THz photoconductivity response also shows a good
agreement with the prediction of thermodynamics model of graphene.?”3! Our results
reveal that the photocarrier dynamics of graphene plays dominant role at low pump
fluence scope. Additionally, as seen from Figure 2(c), the relaxation time of positive
photoconductivity under 780 nm (black) and 1300 nm (red) excitation shows a clear
trend: the relaxation time increases with pump fluence. This implies that the positive
signal is accord to PtSe», which indicates that high pump fluence could block the

charge transfer process from PtSe> to graphene. As a result, most of photocarriers are



populated in PtSe: layer leading to the positive THz photoconductivity.

If the photoinduced charge transfer takes place in the G1, it should also appear in G2
heterostruture as well. However, the photoconductivity remains positive under various
pump fluence at both wavelengths of 780 and 1300 nm as shown in Fig. 3. The pump
fluence and photon energy independence of transient THz response in G2 suggests
that the positive THz photoconductivity mainly comes from the PtSe; layer, which
indicates that no charge transfer occurs in G2 heterostructure. The inset in Fig. 3 plots
the peak THz photoconductivity with respect to pump fluence for excitation
wavelengths of 780 nm (a) and 1300 nm (b). It is seen that pump fluence dependent
THz photoconductivity of G2 at both excitation wavelengths shows almost same as
that of 5L PtSe; film. This arises our interest what cause the difference of THz

photoconductivity in the two films. A built-in field model has been proposed to

explain the phenomenon.
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Fig. 3 The transient THz photoconductivity of G1 under various pump fluence excited by (a) 780

nm and (b) 1300 nm. The inset plots the peak modulation depth, AE/Eq with respect to the pump

fluence.

The experimental results shown in Fig. 2 demonstrate that the stacking order of PtSe»
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and graphene has great impact on the carrier dynamic. Many studies have shown that
electric field is induced by different substrates, and theoretical calculation reveals that
the electric field can promote/preclude the carrier injection between Gr/TMDs
heterojunction after photoexcitation.?> 3* The electric field introduced by substrate
always points outside the substrate surface. In our PtSe»/Gr heterojunction, it can be
well explained by substrate induced built-in electric field as well. The built-in electric
field introduced by silica substrate is in favor of charge transfer in G1 after
photoexciation.!” By contrast, charge transfer from PtSe; to graphene is prevented in
the G2 heterostructure considering the direction of the built-in electric field
introduced by substrate.

In order to exhibit the importance of the built-in electric field on the charge transfer
process in G1, Figure 2(d) plots the extremum of THz photoconductivity with respect
to the absorbed photon density extracted from Figs. 2(a) and (b), respectively. It can
be seen that the THz photoconductivity with respect to absorbed photon density
shows two extremums: a positive one from PtSe> and negative one from graphene,
and we assign this this phenomenon as the screening of built-in electric field by
photogenerated carriers. Interestingly, the screening of electric field starts to take
visible effect around 1.55°10'* ¢m? (red arrow in Fig. 2(d)) for 1300 nm, which is
about 2-fold of that for 780 nm excitation (0.8"10'* ¢m2, (black arrow in Fig. 2(d))).
Since the screening of electric field starts to appear at much lower photon density for
780 nm than 1300 nm, the saturation of charge transfer cannot be dominated by Pauli
blocking effect. It should be noted that the carrier multiplication occurs under 780 nm
excitation, which can be clearly seen from the inset in Fig. 2(d). The magnitude of
(-DE/Eo)max With respect to absorbed photon density can be well reproduced with

linear function, and the slope at 780 nm excitation is twice as that of 1300 nm.
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Figure 4. (a) Schematic diagram of the photophysical processes in G1 heterostructure under
photoexcitation (top (a)) as well as the influence of effective field introduced by substrate (bottom
(a)). (b) Schematic illustrations of the photophysical process in G2 heterostructure under
photoexcittion (top (b) as well as the influence of effective field introduced by substrate (bottom
(b))

The physical pictures of photoinduced charge transfer as well as the effect of substrate
in Gr/PtSe; heterostrucutre are depicted in Fig. 4(a) and 4(b), respectively. For the G1
heterostrucutre illustrated in Fig. 4(a), built-in field introduced by substrate promote
the charge transfer process after photoexcitation: under low pump fluence, the
photogenerated electrons can transfer from PtSe» into graphene enhanced by the
built-in field pointed from graphene to PtSe;. With increasing pump fluence, more
electrons transfer into graphene, which indicate more amount of energy has been
exchanged between photoexcited carriers and intrinsic conduction band carriers in
graphene. The more heated electrons cause larger negative photoconductivity and
slower decay time. Under high pump fluence, the photogenerated carriers can
partially screen the built-in field, which leads to appearance of both positive and
negative THz photoconductivity. By increasing the pump fluence further, the built-in
field has been screened completely, which leads to the charge transfer being prevented

totally, as a result, only positive THz photoconductivity is observed under high pump



fluence, and the positive THz photoconductivity comes from the response of
photocarrier in PtSex. For the case of G2 heterostructure as schematically illustrated in
Fig. 4(b), the substrate induced built-in field is pointed from PtSe: to graphene, which
prevents the charge transfer from PtSe; to graphene, as a result, the heterostructure
behaves PtSe»-like positive THz photoconductivity under various the pump fluences

and wavelengths.

Conclusion

In conclusion, the Graphene/5L PtSe> heterostructures with different stacking orders
are fabricated by CVD method, and the ultrafast dynamical charge transfer has been
investigated with OPTP spectroscopy. For the GI heterostructure, the
photoconductivity changes from negative to positive with increasing pump fluence,
which indicates the carrier injection takes place from PtSe; into Graphene after
photoexcitation. Pump fluence and wavelength dependent transient THz
photoconductivity agrees well with the charge transfer model. By contrast, no charge
transfer occurs in G2 heterostructure due to the direction of build-in electric field
precludes the electron transfer from PtSe; to graphene. Our experimental results
reveal that the built-in electric field induced by silica substrate play a dominated role
in the photoinduced charge transfer in Gr/TMDs heterostructure. Our study not only
reveals the built-in field is important in Gr/TMDs herterojunction but also certificates

an easy way to optimize the optoelectronic response with substrate engineering.
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1. UV-visible absorption spectrum as well as the Raman spectroscopy of 5-layer PtSe2 film on

silica substrate.
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Figure S1. (a) Tauc plots of 5-layer PtSe, film obtained from UV-visible absorption spectrum. (b)

Raman scattering spectrum of silica substrate supported 5-layer PtSe; film.

2. Photoinduced transient THz photoconductivity in 5-layer PtSe;
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Figure S2. The transient THz photoconductivity of 5L PtSe; excited under various pump fluence at



780 nm. The inset plot shows AE/E¢ with respect to the pump fluence (b) Normalized THz
photoconductivity from (a).



