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Femtosecond (ultrafast) photography
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using femtosecond laser as the shutter	
one µm = 3 femtosecond  

Ramesh Raskar, MIT, Ted Talk 2012	



Transient absorption microscopy	
to image motions of photogenerated carriers

Dynamics (fs) , imaging (~ 200 nm, in  resolving object, ~ 50 nm in resolving 
transport, ∆T/T 10-7)	
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!
Other groups employ similar approaches:	

Warren Warren (Duke, Bioimaging)	
Michel Orrit (Leiden, The Netherlands, nanoparticles)	

Fabrice Vallée (Lyon, France, nanoparticles)	
John Papanikolas  (UNC, nanomaterials)	

Greg Hartland (Notre Dame, nanomaterials)	
Rohit Prashankumar (LANL,nanomaterials)	

 Naomi Ginsberg (Berkeley, organic materials)	
Eric Potma (UC Irvine, Bioimaging, nanomaterials)	

Giulio Cerullo  (Politecnico di Milano, organic materials)	
Sunny Xie  (Harvard,  Bioimaging)	

Ji-Xin Cheng (Purdue, Bioimaging, nanostructures)	
Matt Graham (OSU, nanomaterials)	

!
Near field approaches : 	

Markus Raschke (CU Boulder)….	



Ultrafast spectroscopy of individual 
SWNTs

Environment dependent transient absorption spectra	

Dielectric screening; Fermi level

scale bar: 500 nm

Bo Gao

E11M

B.Gao and L. Huang et. al., JPCL 2013, 4, 3050;  ACS Nano 2012, 6, 5083
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Exciton and charge transport
5

Hybrid perovskites Nanostructured interfaces

Molecular  assemblies Organic semiconductors

Nature Communications, 6, 7471(2015)	
Science, 356, 59-62, (2017)	

JACS, 139, 7287–7293, (2017).	
ACS Nano 10, 7208–7215 (2016)	

!
Advanced Materials, 28, 7539–7547, (2016)	
Nature Chemistry 7, 785–792 (2015)	

!
ACS Nano, 7, 1072-1080 (2013).	
Nanoscale, 7, 7402-7408, (2015).	
Submitted, 2017	

e-
h+
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Perovskite solar cells



Band structure (CH3NH3PbI3)
7

Gao, et al., PRB 93, 085202 (2016) 
!
Key reason: long-range charge transport, robust against defects	
Mechanisms?	
Binding energy : 5 meV- 50 meV, free carrier at room temperature

!
Shi, D.;et al., Science 2015, 347, 519.	
Stranks., et al, Science 2013, 342, 341.



Soft materials, dynamic structural disorders 
8

<iframe width="854" height="480" src="iframe>

video credit: Jarvist Moore Frost 
https://www.youtube.com/watch?

v=PPwSIYLnONY 

Large structural fluctuations 

Polarons 
  The electron and the lattice 
distortions together form a 

new "quasi-particle" called a 
polaron. 

!
image credit: Martin W. 

Zwierlein, MIT 



Perovskites (CH3NH3PbI3)

9

 Guo, and Huang, et al., Nature Communications, 6, 7471(2015).

500 nm

Zhi Guo

500 nm

Bandgap: ~ 1.65 eV	
Carrier lifetime ~ 70 ns	
!
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Use two pulses to control  
in the space domain

1 µm



Charge transport  in perovskite thin films

11

pump= 400 nm, probe = 580 nm, 1 uJ/cm2 

∆ T

0

1

 Guo, and Huang, et al., Nature Communications, 6, 7471(2015).



Direct measurements of carrier diffusion
12

Direct imaging of charge 
transport	
!
morphology dependent charge 
transport	
!
Direct measurements of carrier 
diffusion

L2=σ2(t)-σ2(0)=2Dt

 Guo,  Kamat, and Huang, et al., Nature Communications, 6, 7471(2015).



Hot Carriers
13

S. Saeed et al., Nature Communications 5,4665 (2014) 

Major loss channel in solar cell, 
excess energy loss to heat 
(vibration)	
!
Shockley-Queisser limit of ~ 
33%	
!
Short hot carrier transport 
length of hot carriers limits 
collection



Carrier dynamics 
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SEM  PL  

diffusion coefficient	
D=0.5 -1 cm2/s	
!
Single crystal:	
~ 1-2 cm2/s	

 

µm “grain” size,	
high diffusion constant	

long carrier lifetime ~ 150 ns   



Hot-carrier transport
16

Guo and Huang et al., Science, 356, 59-62, (2017) 

Recent  experimental evidence for long-
lived  hot carriers,  X-Y Zhu and 
coworkers, Science, 353, 1409 (2016) 

hot 

hot 

Cold 

Photoinduced absorption 
band due to bandgap 
renormalization effects by 
hot carriers	



Quasi-ballistic hot-carrier transport 
17

1µm

pump = 3.14 eV, 1.49 eV excess energy, probing hot carriers

pump = 1.97 eV, 0.32 eV excess energy, probing hot carriers

Scale bars: 1 µm

Guo and Huang et al., Science, 356, 59-62, (2017) 



Hot-carrier transport within the pulse width 
18

!
In comparison,  hot carriers in silicon travel ~ 20 nm before 
thermalization [Bernardi, M. et al.,Silicon. Physical Review Letters, 112(25), 257402. 2014]

Quasi ballistic transport of hot carriers ( reflect both electrons and holes)	
230 nm in 300 fs	
 Polaron formation in ~ 0.3 ps [X-Y Zhu and coworkers, Science Advances, 2017]



Carrier-phonon scattering in the first picosecond	
19

not impact on the mechanism of carrier relaxation, which
supports our prediction that the slow hot-hole cooling is
universally observed in APbI3.
Previous experimental and theoretical studies on the Raman

spectrum of CH3NH3PbI3, reported that the motion of the
iodide and lead ions is coupled with the librational and
torsional modes of CH3NH3

+ in the wavenumber range 60−
100 and 200−390 cm−1, respectively.31 The different wave-
number range from that of CsPbI3 is, however, assumed not to
have a marked impact on the relaxation mechanism because the
phonon energy scale is negligibly small compared with the
energy scale for the electrons. These vibrations also work as the
relaxation paths in CH3NH3PbI3 as long as the iodides and the
leads are still active. Therefore, we predict that the different
phonon properties do not alter the trend of the carrier lifetimes.
From the minor difference of the phonon properties, no impact
of A-site cation on the carrier relaxation paths, and the identical
electronic structures, we predict that our results for CsPbI3 can
be extended to explain the mechanism of slow hot-hole cooling
in CH3NH3PbI3.
Now we would like to discuss the assignment of the optical

transition at 480 nm (Eg + 1 eV) in CH3NH3PbI3 from the
results of CsPbI3. If no indirect transition is considered, the
excitation energy corresponds to two kinds of excitations: the
second excitation at the R-point (T1g

R → T1u
R) and the first

excitations on and around the M-point in the Brillouin Zone.17

One assigned by Xing et al. is the transition from VB2 to CBM
corresponding to T1g

R → T1u
R. Here, we study five k-points

along the R−M path as depicted in Figure 6a. Only the first
excitations are considered at R−M1, R−M2, R−M3, and M
while both the first and second excitations are considered at R
(A1g

R → T1u
R and T1g

R → T1u
R respectively).

Figure 6b shows their optical strengths considering the level
degeneracy (for the detail, see the Supporting Information). It
is straightforward that the optical strength of T1g

R → T1u
R is

quite weak compared with the other transitions. On the other
hand, the first excitation on every point shows high optical
strength. This trend was also reported in the previous work by
Even et al.17 The carrier lifetimes of the electronic states in

Figure 6a are picked up and plotted in Figure 6c. This plot
clearly indicates the hole at T1g

R has a shorter lifetime than the
holes at three R-M points, which also suggests that the
transition T1g

R → T1u
R does not represent a slow cooling

process.
We want to stress that we are now considering the cubic

polymorph but we are aware that CH3NH3PbI3 has tetragonal
symmetry at room temperature.26,32,33 Because the tetragonal
phase has four formula units in the unit cell, transitions
considered to be indirect here are also possible due to the
different symmetry. Although it is difficult to assign the 480 nm
peak showing a slow cooling process to one transition only,
taking into account excitation energy, optical strength, and
carrier lifetime, such peak can be assigned to transitions from
the VB states along the R−M path.
Even though our result does not suggest that T1g

R → T1u
R

mainly contributes to the 480 nm peak, it does not contradict
with the TAS experiments by Xing et al. Their measurement
showed that the lifetimes of the 760 and 480 nm peaks are
similarly reduced when in contact with a selective-electron
extraction layer. This is the reason that they have concluded the
optical transitions at 760 and 480 nm are composed of the
same CB state. As shown in Figure 6c, however, we can see that
the lifetimes of all CB states are short and the difference is not
remarkable. Such little difference possibly hinders to differ-
entiate excitations to CBM from those to higher CB states in
TAS measurement.
Finally, the impact of relativistic effects deserves to be

mentioned. Several previous works showed a giant relativistic
effect on the CB of CH3NH3PbI3

12,13,35 (for example, see
Figure 2 in ref 12). Because the electronic structure of the VB is
almost unchanged, long lifetimes of the holes will still remain
after considering spin−orbit coupling (SOC) effects. On the
other hand relativistic effects remove the degeneracy of the CB.
At the R-point, the double group of triply degenerated T1u

R is
split in 2-fold degenerate states E1/2g

R (spin−orbit split off
states) and 4-fold degenerate state F3/2u

R.35 Such splitting
reduces the electronic DOS around the CBM to about one-
third. As shown in Figure 4 carrier lifetimes are proportional to

Figure 6. (a) Electronic band structure of CsPbI3 along the R−M path. The CB is shifted with a constant to reproduce the experimental bandgap of
CH3NH3PbI3 1.61 eV.

34 (b) Optical strengths of the transitions depicted in panel a. (c) Carrier lifetimes at the electronic states depicted in panel a.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b00109
Nano Lett. 2015, 15, 3103−3108

3107

Kawai, H., Giorgi, G., Marini, A., & Yamashita, K. (2015). Nano Letters, 15(5), 3103–3108.

Relatively long scattering time for hot electrons and holes, ~ 100 fs for 1 
eV above bandgap. 
In comparison, 10–20 fs for carriers more than 300 meV away from the 
band edges for silicon. [Bernardi, M. et al.,Silicon. Physical Review Letters, 112(25), 257402. 2014] 



Hot-carrier transport
20

non-equilibrium transport over 10 s of 
picoseconds. (hot phonons?  polarons)

Scale bars: 1 µm

Guo and Huang et al., Science, 356, 59-62, (2017) 



Time-dependent transport
21

< 1ps, prior to polaron formation, very rapid transport, light effective 
mass ( ~ 0.1 m0) 	
1- 30 ps, hot polaron transport	
> 100 ps cool polaron transport

Guo and Huang et al., Science, 356, 59-62, (2017) 



Grain boundaries
22

SEM  

PL  

0.5 µm

e-
e-e-
e-e-

Guo and Huang, manuscript in preparation



Defect states23

iodine interstitial defect inhibits rotations of the adjacent
(CH3NH3)

+ groups because of steric hindrance. This is
particularly important, because reduced motions can weaken
the NA electron−phonon coupling and slow down nonradiative
charge relaxation.
The projected density of states (pDOS) of the pristine and

defective perovskite structures are shown in Figure 3. It can be

seen that only iodine and lead orbitals contribute to DOS
around the band gap. The CB minimum (CBM) mainly
consists of Pb 6p orbitals with negligible component of iodine
orbitals, while iodine 5p orbital form the VB maximum (VBM).
The trap state is closer in energy to the VBM, because it is
composed by the same iodine 5p orbitals. The charge density
plots of the corresponding states in Figure 3 illustrate the above
points further. The CBM and VBM charge densities are
delocalized around the entire cell and are separated in space,
indicating small overlap of the electron and hole wave
functions, and hence weak nonadiabatic coupling (NAC) and
slow electron−hole recombination. Our results are consistent
with the previous works.60−62 On the contrary, the charge
density of the trap state is localized at the interstitial iodine
atom. The adjacent iodine atoms are also involved because of
strong interaction between the interstitial and main iodines. It
is worth to emphasize that there is almost no contribution from
the organic cation to the DOS around the band gap, indicating
that the organic cation does not participate directly in the
photoexcitation process. The organic cation neutralizes the
PbI3

− framework and tunes the I−Pb−I backbone. Additionally,
the motions of the organic cation can contribute electrostati-
cally to the nonadiabatic electron−phonon coupling, and
promote nonradiative charge relaxation.
It is established that spin−orbit coupling (SOC) is significant

in lead halide perovskites because of presence of Pb, which is a
heavy element. By excluding the SOC effect, a direct band gap
of 1.53 eV is obtained, which is in line with the experimental
value of ∼1.6 eV.63 Generally, incorporation of SOC shifts the
CBM down by nearly 1 eV.39,64 A more accurate value of 1.67

eV was predicted by de Angelis and co-workers using SOC and
many-body GW self-energy corrections.65 The good agreement
of the bandgap obtained in this work with the experimental
value is due to cancellation of errors arising from neglect of
SOC and bandgap underestimation by pure DFT functionals,
including PBE functional. We use the current approach for the
following reasons. First, inclusion of both SOC and GW
correction is computationally expensive and extends far beyond
the current capabilities, especially for NAMD that requires
many repeated energy and NAC calculations. Second, the
interstitial iodine defect acts as a hole trap that located near the
VBM. SOC modifies strongly the CB, whereas the top of VB is
almost unchanged.66 Most importantly, pure DFT calculations
provide the same trend as the higher level methods. For
instance, Sun et al. found that there is a scale shift in the
positions of the Kohn−Sham levels in perovskite materials
calculated with hybrid DFT/SOC and pure DFT, while at the
same time, the relative positions of the energy levels predicted
by the two methods do not change.67 Recent theoretical work
has shown that the combination of hybrid DFT and SOC is not
fully sufficient to reproduce the experimental band gap.68 GW
calculations can correctly address this problem, as demon-
strated by de Angelis and co-workers.65 Turning attention to
the iodine interstitial defect, Du and coauthors have shown,
using hybrid DFT and SOC, that the iodine interstitial defect
induces deep traps in all its charge states (−1, 0, + 1).47 Our
bare DFT calculations agree with this result, Figures 3 and S1.
Generally, pure DFT calculations have been used widely to
treat defective perovskites, achieving good results.25,42,69 Pure
and hybrid DFT produce similar defect Kohn−Sham levels.70

To test our simulation setup, we carried out a hybrid DFT
calculation on the neutral iodine interstitial defect using the
HSE06 functional, and similarly to the PBE calculation, we
found that the defect is still a deep trap. It should be noted that,
even though pure DFT provides a good band gap due to the
fortuitous error cancelation, it underestimates other parameters,
including band dispersion and carrier effective masses.
Thermal motion of atoms drives fluctuations of the

electronic energy levels, and the fluctuations reflect the strength
of elastic and inelastic electron-vibrational interactions that,
respectively, induce coherence loss and are responsible for NA
transitions between electronic states. The fluctuations can be
characterized by the ACF, eq (S3). Figure 4 (top) shows the u-
ACF of the relevant energy gaps at 300 K in pristine and
defective perovskite. In pristine perovskite, the gap for
electron−hole recombination is defined as the energy difference
between CBM and VBM. In defective perovskite, the gap is
between CBM and trap state for hole trapping, CBM and trap
state for electron trapping, and CBM and VBM for electron−
hole recombination. All u-ACF decay on similar time scales,
however, their initial values differ significantly. Typically, a
larger initial value of u-ACF, corresponding to the energy gap
fluctuation squared, is indicative of a faster accumulation of the
wave function phase difference for the two energy levels, and
thus a short coherence time.71 The data shown in Figure 4
(top) indicate that the initial value of u-ACF is largest for
electron trapping and smallest for hole trapping, suggesting that
decoherence should be fast in the former case and slow in the
latter case. The differences in the initial values of the u-ACF can
be rationalized further by considering the charge density for the
corresponding states, as shown in Figure 3. For the defective
perovskite, the trap state is close to the VBM in energy, and
thus the fluctuation of the VBM-trap energy gap is small. In

Figure 3. Total and projected density of states (DOS) of pristine
MAPbI3 (top panel) and MAPbI3 with the iodine interstitial defect
(bottom panel). Charge densities of VBM (a) and CBM (b) in
pristine MAPbI3 and VBM (c), CBM (d), and trap state (e) in
MAPbI3 with the iodine interstitial defect. The CBM of MAPbI3 is
dominated by 6p orbitals of Pb, and the VBM is dominated by 5p
orbitals of I. The defect introduces a state close to the VBM. The
defect state is also formed by 6p orbitals of Pb, maximizing wave
function overlap with the VBM.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.7b00183
ACS Energy Lett. 2017, 2, 1270−1278

1272

Li, W., Liu, J., Bai, F.-Q., Zhang, H.-X., 
& Prezhdo, O. V. (2017).  ACS Energy 
Letters, 1270–1278.Shallow trap states below bandgap	

!

1 2 3

Grain size 1>2>3	
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pump @ 630 nm 0.5 uJ/cm2  

Surface trap states

Guo and Huang, manuscript in preparation

Defect states at boundaries

bulk carriers

pump= 630nm, 0.5 uJ/cm2 	
probe = 750 nm, bulk carrier 

!
probe = 790 nm, 

!
scale bar = 500 nm



Grain boundaries and surface defects 25

Grain boundaries limiting transport 	
!
Broken symmetry at boundaries?	
!
Long-range transport due to long carrier lifetime (Rashba effect? 
Rappe and coworkersNano Letters, 15, 7794–7800, 2015	

Guo and Huang, manuscript in preparation

pump= 630nm, 0.5 uJ/cm2 	
probe = 750 nm, bulk carrier 

Transport imaging 
0 ps 5 ns

500 nm

pump pump

pump= 630nm, 0.5 uJ/cm2 	
probe = 790 nm, !

highlighting surface/defect states  

5 ns



Good boundaries
26

0 ps 1 ns 2.5 ns 5 ns

1 µm

500 nm

fast 
slow 

pump= 650 nm, probe = 750 nm

Grain boundaries are not created !
equally

Zhi Guo

Guo and Huang, manuscript in preparation



!

• Long-range carrier diffusion due to long lifetime	

• Carrier transport is robust against defects	

• Remarkable long-range hot-carrier transport	

• > 500 nm overall, > 200 nm in 300 fs 	

• Scattering mechanisms	

• Potentials to overcome boundaries, and barriers

Summary  — Perovskites
27



Transport of charge-transfer (CT) states at 
2D interfaces

28

Atomically thin and sharp interfaces 	
Efficient charge and energy transfer	
Model system for transport of interfacial CT states 

e-

h+

e-

h+

e-

h+

e-

h+

e-

h+

e-

h+

e-

h+

e-

h+

e-

h+

For a recent perspective, please see Xiaoyang Zhu and coworkers,  
JACS 137(26), 8313–8320, 2015



Two-dimensional (2D)  
transition metal dichalcogenides (TMDC) 

29

Monolayer, direct bandgap	

Multilayer, indirect bandgap	

A exciton binding energy (monolayer, 300 

-400 meV) 	
KΓ ΓMΛ

A
MX2  (M=,Mo,W; X=S, Se, Te) 

bandstructure adopted from PRB 88, 115205, 2013 

I

Heinz and coworkers, PRL (2010)	
F. Wang and coworkers, Nano Lett (2010)	



CT excitons at 2D interfaces
30

Fang et al. PNAS 2014, 111 (17) 6198–6202 
Hong et al. Nature Nanotechnology 2014, 9, 682–686 
Ross et al. Nano Lett., 2017, 17 (2), pp 638–643 
Zhu et al., Nano Lett,. 2017 
!
!

Rapid charge transfer, < 100 fs	
!
Binding energy of charge-transfer 
(CT) exciton is > 200 meV (>> kT)	
(Wilson, N. R. and Xiaodong Xu., et al.  
Science Advances, 3, e1601832, 2017)	
!
Charge separation?



WS2 

31

1µm

A

B

C
!

A exciton: 2 eV	
Binding energy 0.4 eV	

Long Yuan

Tong Zhu

Long Yuan



Type II organic-2D heterostructures
32

tetracene1L-WS2

Type 2 heterojunction

-3.4 eV

-5.8 eV

-2.4 eV

- 5.4 eV

h+

e-

Zhu, Yuan, and Huang,  submitted 2017.

Tong Zhu

Long Yuan



1L WS2 /tetracene heterostructure
33

a

b

0

80

40

(nm)

Zhu, Yuan, and Huang,  submitted 2017.

Polycrystalline tetracene film thickness: ~ 20 nm

Tong Zhu

Long Yuan



Charge-transfer exciton
34

New emission band @ 1.7 eV, charge-transfer 
exciton, binding energy 0.3 eV	
!
Emissive and very long-lived, spatial indirect CT 
excitons

2 eV

1.7 eV
e-

h+

1L WS2/

3L WS2/

Zhu, Yuan, and Huang,  submitted 2017.

Tong Zhu

Long Yuan



Hole transfer dynamics

35

tetracene

h+

Pump 
probe 

3 ps

1L-WS2

Zhu, Yuan, and Huang,  submitted 2017.

Pump = 2.1 eV	

Probe = 2.0 eV, probing A exciton 

in WS2 , no signal from tetracene	

Tong Zhu

Long Yuan



Tuning interfacial band alignment   
using  WS2 thickness 

36

direct bandgap

indirect bandgap

VBM

Tong Zhu

Long Yuan



Driving force for exciton dissociation
37

tetracene

h+

2L-WS2

1L WS2/

3L WS2/

Offset between VBM and HOMO provides driving force for 
hole transfer and A exciton dissociation. 	
No hole transfer from 2L-WS2	

Pump = 2.1 eV	

Probe = 2.0 eV	

Tong Zhu

Long Yuan



Energy and electron transfer
38

tetracene1L-WS2

e-

Pump

Probe

Electron transfer

Tong Zhu

Long Yuan

Pump = 3.1 eV	

Probe = 2.0 eV	 tetracene1L-WS2

h+

e-

h+

e- Pump

Probe

Energy transfer



Thickness dependence
39

tetracene2L-WS2

Pump

Probe

Type I heterojunction for 2 layer WS2  or thicker; only energy transfer is possible



Electron transfer vs energy transfer
40 Tong Zhu

Long Yuan

WS2/Tc-WS2

2 ps 45 ps

Zhu, Yuan, and Huang,  submitted 2017.



Thickness dependent energy transfer
41

Raja et al. Nano Lett., 2016, 16 (4), pp 2328–2333



Energy transfer
42

1/37 ps-1

Zhu, Yuan, and Huang,  submitted 2017.

Energy transfer from tetracene to 1L WS2 ~ 37 ps	
Electron transfer dominates at 1L WS2 - tetracene interface,  ~ 2 ps 

Tong Zhu

Long Yuan



CT exciton recombination
43

tetracene1L-WS2

-3.4 eV

-5.8 eV

-3.1 eV

- 5.6eVh+

e-

2 ps

3 ps

?

Zhu, Yuan, and Huang,  submitted 2017.

Tong Zhu

Long Yuan



CT exciton recombination
44

e(-(t/τ)^β )

Stretched exponential decay:  sum of many different exponential decays.  The 
broader the lifetime distribution, the smaller β value.  β= 0.5,  τ = 1 ns. 
< τ> = 2 ns	
!

Zhu, Yuan, and Huang,  submitted 2017.

Tong Zhu

Long Yuan



Stretched-exponential PL decay: localized and 
delocalized CT states

45

e-

h+

h+

e-

Well-established model to explain stretched exponential PL decay in porous 
silicon: trapping-detrapping dynamics between delocalized and localized states	
!
Emission from localized sites	

Pavesi, L. & Ceschini, M. Phys Rev B 48, 17625-17628, (1993)

Delocalized, mobile Localized, immobile

diffusion, trapping

detrapping



Transport of CT excitons
46

4

3

2

1

0

Scale bar:  5 µm

WS2- tetracene

WS2-only
Only one diffusion constant for 
the control  WS2	

!
Two exciton populations in the 
heterostructure with two 
different diffusion constants	
!
Evidence for delocalized and 
localized CT excitons: stretch 
exponential PL decay

Zhu, Yuan, and Huang,  submitted 2017.

Tong Zhu

Long Yuan



Delocalized and localized CT excitons
47

Very mobile CT excitons	
D= ~1 cm2s-1	
Implications for charge 
dissociation	
!
Two orders of magnitude higher 
electron mobility in WS2 (~100 
cm2s-1V-1) than hole mobility (1 
cm2s-1V-1) in tetracene — 
possibly  leading to large e-h 
distances

Zhu, Yuan, and Huang,  submitted 2017.

D = 1.7 cm2s-1

D = 1 cm2s-1

D = 0.04 cm2s-1

Tong Zhu

Long Yuan

1L-WS2 

Heterostructure



Mobile CT excitons at other nanoscale interfaces?

48

Deotare et al. Nature Materials 2015.14, 1130–1134

ordered vs disordered interfaces in organic solar cells	
overall disordered systems; local ( ~ 5 nm) crystalline interfaces - mobile 
CT excitons at these lengthscales?	
!

Sun et al., DOI: 10.1039/C7EE00601B, Energy Environ. Sci., 2017



Summary — interfacial excitons
!

• Efficient charge transfer at 2D interfaces	

• Interfacial charge-transfer states	

• Inorganic-organic interfaces	

• Mobile CT excitons	

• Graphene -2D semiconductor interfaces	

• Charge generation from interfacial states	

• New opportunities 	

• Control charge separation and transport 	

49
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