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Supplementary Information:

Supplementary Note 1. Tight binding approximation: electronic band structure of tBLG: In tBLG, two graphene
layers are rotated by an arbitrary angle with respect to each other. The rotation angle can be determined using dark-field
transmission electron microscopy'®. Graphene is known to have fast carrier relaxation down to the Fermi level.
However, it was recently discovered that slower relaxation rate may be possible in metallic tBLG due to its unique band
symmetry>?, This has been shown theoretical modeling of the e-h interactions, and the simulations predict the existence
of strongly-bound excitons in an otherwise metallic material tBLG.

Supplementary Figure 1. (a) The lattice structure of single-layer graphene; Two carbon atoms per unit cell are
labeled as 1, and 2 (grey, and orange). Primitive vectors are d;, and d,, (b) Lattice structure of bilayer graphene.
Sub lattices for the lower layer are Al, and B1, and those for the top layer are A2, and B2, with relative positions
of atoms projected onto the x-y plane (C) Lattice structure of twisted bilayer graphene for rotation 6, (d) tBLG
0=21.8°, (¢) 6=9.4°, (f) 6=3.9°
The free electron graphene model considers the structure of twisted bilayer graphene defined by two layers of stacked
bilayer graphene rotated around a common site by an arbitrary angle 8. The two lattice vectors for stacked bilayer graphene

with 8 = 0° are justa; = a, (1,0) and a, = a, Gg) For non-zero angles the lattice vectors are more complicated

because they must span the new superlattice, and are given stacking angle indexed vectors; al = R(— g),and az =
R (g).”'zo Rotation angle 6 = 0° produces AA stacked bilayer graphene and 8 = 60° corresponds to AB bilayer graphene
stacking.!’
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Supplementary Figure 2. Tight-Binding Model band picture: (a) Representation of the band structure for
single layer graphene. (b) tBLG free electron band-structure, (c) the band dispersion near the K-point in bilayer
graphene, (d) cross-sectional view of tBLG shows vHs transitions Xi3, Xo4 between avoided crossing regions.
(e) Interlayer exciton picture: Upon resonant optical excitation, degenerate Fano resonance states Xiz and Xos
rehybridize producing a higher energy resonant exciton state Xs and lower energy bound exciton state Xa.

Rotation angle 8 and - 6 produce a similar band structure. tBLG does not have a periodic structure in general because of
mismatch between the uniformity of layers with respect to each other. The structure is periodic only for some special
angles with a well-defined unit cell. A periodic lattice structure of tBLG for rotation angles 8 = 21.8°,and 6 = 9.4°,
6 =3.9°is shown in Figure Supplementary Figure 1d, e and f. When the rotation angle is small, the interference between
two lattice vectors in two layers gives rise to the pattern called the ‘Moiré pattern’820, The unit cell is relatively big for
small rotation angles as seen in Supplementary Figure 1e and f.

Supplementary Note 2. Review of bound exciton model for tBLG:

Upon photoexcitation of tBLG, exciton effects may manifest themselves owing to Coulombic interactions of e-h pairs. To
theoretically model the many-body excitonic effects, it is necessary to solve the BSE as shown by Rohlfing et al.>:
(Eck — Evi)AS i + Torcne{vek | KMV k' VAS 1o = 05 A5y, where, A3, is the exciton wave function in k-space, 25is
the exciton eigenenergy, K ®"is the e-h interaction kernel, and |vk), |ck) are the hole and electron states, respectively. In
order to predict possible bound exciton states, it is important to know the e-h attractive energy ES, which roughly
corresponds to the binding energy, and recently the first-principle BSE simulations in Liang et al.** reported that £ =
0.5 eV for 21.8° tBLG.

Specifically, Liang et al. solved for E5 = (S|K"|S) = Tpek(Eck — Evi) |Aderc||ASer| — 25, which is the net exciton
kinetic energy plus the weighted single-particle band energy difference between electrons and holes>'%%4, To simplify
the direct analysis of the first principle BSE simulation, low-energy effective model is often further assumed, giving a
simpler perturbed Hamiltonian that is analogous to Equation (1), specfically'?;

0 e O (ky — iky)
e (ky + iky) 0

Ho(k, 0) T+

H(k) = ( T Hy(k — AK, 9))’ with Hy(k,0) = th<

), where T = A (2 (1)) 1)

The average interlayer interaction between AB and BA stacking order is described by matrix T with interlayer coupling
strength A. The low-energy effective model is best for small-twisting angles because the linear Dirac-Fermion dispersion



is preserved. Using the BSE and the low effective model, Liang et al.! found that upon resonant excitation of tBLG, you
can access degenerate Fano resonant transitions Xis, X24 which then effectively rehybridize as depicted in Supplementary
Figure 2c. The symmetric superposition of the two degenerate transitions gives rise to a higher energy bright state and
anti-symmetric superposition give rise to the lower energy dark state (‘ghost’ state, see Supplementary Figure 2€).1? The
constructive interference couples with the lower lying continuum which broadens the resulting resonant bright excitonic
state. The antisymmetric superposition cancels the coupling between the lower lying continuum making it a localized
bound excitonic state. The so-called ghost Fano resonance effect was found in quantum dot molecules.*? This model is
appropriate for small twist angles, however, the double resonance of transitions and the destructive interference plays a
crucial role in the existence of strongly bound excitons.»*#

Supplementary Note 2.1. Idealized ‘Textbook> Ghost Fano Resonance Effect: A Ghost Fano resonance effect has been
predicted for resonant tBLG optical excitation by first-principle GW-BSE simulations.! Qualitatively, this effect can be
understood through two-degenerate transitions (Fano resonance) causing destructive interference that leads the elimination
of the exciton-continuum coupling term. There is an equivalent textbook explanation explaining the base concept of how
degenerate overlap of excitonic transition can cause the exciton-continuum coupling term o vanish, i.e. Hizx=Hgxx=0.!
Specifically, if we write the total Hamiltonian of our system as Hy = Hy, + Hy +Hipp the bound-exciton basis Hamiltonian,

Hi, can be re-expressed by mixing the two degenerate transitions, Xiz and Xz4 to give H,, = ¢ (b/b, +bjb,)+5(bb, +blb, )

in terms of raising and lower operators of the ground and excited exciton levels. The continuum of graphene states sums
over all states, k, and can be expressed as H, = Z g (clc,)- By analogy, we can further treat the coupling of the symmetric
k

and antisymmetric exciton states to the continuum states as Hy, = z A (clb +b'c,) -
k,i=1,2
A standard textbook question is then to ask how the coupling of the continuum states couple to the exciton

states, i.e. what is lek\XA> Where‘x >
' A

i(‘ Xy)| x24>) is the anti-symmetrized exciton state with energy (in the
V2

uncoupled exciton basis) calculated by H,, \ XA> = (g, —A)\ XA>. Likewise, it is shown below that an anti-
symmetrized mixing of degenerate states give Hy \ xA> =0, provided that the optically prepared state mix with

degenerate exciton-like states (i.e. the Fano resonance Xiz and Xz4). The net result causes the energy perturbation from
the exciton-continuum coupling to vanish, as shown below,

Ho xA>=j5[;Mc:bl 56| X,)- LA, +b;ck>x24>j
1
- H(zAk-zAK)

=0

The above calculation is highly idealized. Liang et al. shows this basic premise of zero-coupling to the continuum also
applies to the extended unit cell of twisted bilayer graphene by using full GW-BSE.!
SUPPLEMENTARY METHODS

i. Samples & Stacking Angle Determination: tBLG was obtained by both ‘as grown’ CVD method (sample shown in
Fig. 3) and by artificially transferring single layer grown graphene layers (sample shown in Fig. 2ac). For artificially
transferred tBLG, graphene was grown with an aligned CVD growth method on a copper substrate. The copper foil with
graphene is then cut into two pieces and is then transferred in a tBLG configuration to a SiN or fused silica substrate
with the artificially transferred technique. This technique can result in large domain tBLG material. The samples were
characterized using the combination of hyperspectral absorption, transient absorption, and dark field TEM to locate
twisted domains.® The final angle assignment of the domains was done using well-established methods looking at linear
absorption peak energies. The tBLG samples were prepared with as grown CVD or artificially stacked method and they
are both environmentally p-doped as determined by point Raman spectral shifts shown in Supplementary Figure 3c. The
G peak location suggests a doping level on the order of 10*2to 10*® cm. The sample to sample doping variation can be



on ~10* level due to doping caused by the transfer process. This paper further shows that small changes in the doping
(CVD vs. dry transfer stacked), and dielectric environment (e.g. three different substrates silicon nitride, fused quartz
and silicon) all show similar PL and/or delayed thermalization kinetics (see main text).

Two-photon PL and TA microscopy on tBLG requires (i) identification of large-area tBLG regions (ii) -beam
diffraction limited resolution TA. Identification begins using diffraction-limited scanning confocal TA microscopy. The
correspondence between absorption resonance and the twist angle has been well previously established.?® Once all optical
measurements were complete, darkfield transmission electron microscopy (TEM) was used to determine precise angle
assignments. After the regions with anomalous electronic relaxation dynamics are identified, the precise absorption
resonances were later measured using hyperspectral absorption imaging. By collecting the full-frame absorption movies
vs. wavelength, specific absorption spectra can be acquired by integrating over a defined region and plotting as a function
of absorbing wavelength. Similar results were obtained for tBLG on silicon, silicon nitride, and fused silica substrates
used for PL detection.
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Supplementary Figure 3. (a) Optical setup for transient absorption 2-photon PL and TA microscopy. Sub-
diffaction limited pump, and probe pulses are raster scanned, and the sample can be imaged against the laser noise
floor by employing a lock-in amplifier detection synched to an acousto-optical (AO) modulator (1 MHz). (b)
Example overlay of resonant 2-photon PL resonant at 17.5° on a linear absorption map resonant at 18.3°. (c)
Shifts in G-band resonance of point Raman taken from graphene sample growth used in this paper. These shifts
can be used to approximate p-doping concentration variation over the the samples measured in the main text.

ii. Excited state transient absorption of intraband exciton transitions (Fig 4 in manuscript): For the excited state
absorption experiment and 2-photon photoluminescence measurements, synchronized Ti: Sapphire oscillator (Coherent
Chameleon Ultra I) with wavelength range 680 - 1080 nm, 80 MHz repetition rate and optical parametric oscillator with
wavelength range 1000 - 4000 nm was used. Excited state absorption (ESA) experiment was done with confocal transient
absorption microscopy.?® A collinear pump and a probe beam were obtained with the synchronized Ti: Sapphire oscillator
with the OPO. The pump beam was modulated at 1 MHz with an AO-modulator (Gooch and Housego). The probe fluence
power was ~5% of the pump power. For the pump power dependence measurements, the probe power was fixed at (~1
x10% photons/cm?). The beams were aligned to the mechanical delay stage, then raster scanned by a piezo-scanning mirror
and then coupled to a confocal scanning microscope with a 50X-IR objective, NA = 0.65. 140 fs FWHM pulse duration
was measured by the cross-correlation of the pump and probe under the objective. The spot size of the pump and the probe
beams were measured to be ~1.5 um using a gold pad features by fitting the reflection profile. A thermoelectrically cool
(TE) cooled InGaAs detector connected to Zurich HF2L1 lock-in amplifier was used to detect the transient absorption
response. Appropriate optical filters in front of the detector were used to let only the probe beam through while blocking
the pump beam.

iii. 2-Photon photoluminescence (PL) measurement details and supplemental data: For the 2-ph photoluminescence
microscopy measurements, the pump beam was obtained either through oscillator or OPO. The beam is then raster scanned
by the piezo-scanning mirror and then coupled to a microscope with an Olympus 50X-IR objective, NA = 0.65. The back
reflection of the sample was obtained with an InGaAs photodetector. Long pass optical filters were used in the line before



the microscope to block possible 2w light from the laser source. The emitted photoluminescence was measured with a
thermoelectrically cooled, back-illuminated EMCCD camera (ProEm HS 1024x1024, Princeton Instruments) and a
Hamamatsu Si PMT was also used a secondary detection confirmation. Short pass and bandpass optical filters were used
in front of the camera for emission detection. All the measurements were performed at 295 K unless specified typically
under dry nitrogen purge shown in Supplementary Figure 5a. Microscope objective transmission corrections, the spectral
response of the detection system, and spectral characteristics of the optical filters were taken into account for each
wavelength. Supplementary Figure 4 and 5 show resonant PL maps from various tBLG domains with different stacking
angles. Supplementary Figure 5 examines wavelength dependence of the emission and show the PL-window response of
a large artificially stacked CVD domain of 6~14°. Comparing Figures Supplementary Figure 5 d to f the 2-photon PL
signal can only be detected when the exciton is resonantly excited and detected. This is consistent with the interlayer
bound-exciton model, not hot PL.

........

Supplementary Figure 4: Examples of resonant PL maps from other tBLG grains not shown in the main text. All show
a 4x to 7x PL resonant enhancement over the graphene hot-electron background. (a) PL map (16° grain) overlaid with
transparency on the linear absorption map (inset) at 2.3 eV. (b) Low angle PL map overlay showing PL at a
10.7° excitation resonance. (c) PL map overlay showing emission at 16.2° excitation resonance.
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Supplementary Figure 5- Spectral emission map wavelength dependence. (a) Experimental setup to prove resonant
emission involves changing bandpass filters regions. Weak 2-photon resonant emission maps are collected on an EMCCD,



after 1-photon, and 2-photon SHG scattering is filtered out (b) Overlay of the PL emission map of a ~14° tBLG domain
and camera image of the fused silica substrate with alignment markers. (c) Corresponding substrate optical camera image
with an outline of the 14° domain with optical resonance of about 505 nm. (d) 2-photon exciton of bright state does not
enhance hot-PL, consistent 1-photon selection rules, no hot PL is observed. (e-f) In particular, we compared the difference
between a 500 nm (10 nm width) bandpass filter centered on the bright Xs absorption resonance and a 450 nm filter (10
nm width) lying above. Comparing e and f, we can discern strong resonant PL emission. This suggests the signal is
resonantly emitted near its 505 nm absorption resonance and cannot be hot-PL  emission.

Supplementary Note 3: Transient Optical Conductivity
Supplementary Note. 3.1: the intralayer transient optical conductivity

In transient absorption microscopy, we measure the change in the amplitude of the reflected probe beam at a probe
energy E,, in the absence (R2) and presence (Ry) of a pump beam. Under optical excitation conditions, transient
reflectivity is related to the optical conductivity, ci by*":

AR(LE) R=R 4 4n
TR TR e 2Re[o(E, T0) ~(E, 7))

1 r

Both interband and intraband processes contribute to the total optical conductivity,

GTOT: Sinter + Sintra

When the Fermi populations are evaluated (to first order) it has been shown that3”:

2RO i o« tanh —En 5 J —tanh( Bt J 2
R 2k, (1) 2k,T,

AR(r), ThT(0) IkyT, @)
R (E,+E)*+T° (B +E)*+T

The absolute sign of the intraband and interband transient signals are opposite, permitting experimental separation.” We
attribute the bleach to the transient interband optical conductivity, and the excited state absorption (ESA) to intraband
transitions. As observed in previous works (e.g. ref 7), we observed that intraband contribution is best determined by its
absolute sign (under the specific sample and carrier densities used in our manuscript). For probe energies <1.3 eV, the
relative intraband Kkinetic contribution is weak, and can be approximately ignored and we can approximately remove the
single layer contribution for the TA Kkinetics by plotting Acwic(t)-AcweLc(t) as we do in Fig. 4c of the paper.

Supplementary Note 3.2: the interlayer transient optical conductivity; interband bleach vs.

intraband ESA

Currently, there exists no closed-form expression for the transient optical conductivity near the tBLG optical absorption
resonance. In the limit that the two layers of graphene are electronically decoupled, the transient optical conductivity,
Ac(t) is obtained by evaluating for the Fermi-Dirac electronic population at the desired energy. Generally, the relative
magnitude of a pump-probe or transient absorption (TA) response is given by:
AG(t' Epr) oc n(t) [O-ESA(Epr) _O-SE(Epr) _O-O(Epr):' (4)
where n(t) is the electronic carrier population occupying the probed state energy(Epr). oesa, ose and o, are the absorption
cross-sections of the excited state absorption (ESA), stimulated emission (SE) and the ground state spectral bleach at an
incident probe energy, E,r. The ESAS (e.g. intraband absorption in graphene) gives the opposite (negative) Ac(t) sign,
while the “ground state bleach” response is positive, arising from interband Pauli blocking effects.

In the free carrier model, Pauli blocking refer to photoexcited holes or electrons lying at the same energy of the

probe beam, leading to decreased absorption (positive signal by our convention). In the bound exciton model, Pauli
blocking chiefly refers to decreased probe beam absorption form a depleted ground exciton band. Excitons tend inherently

have very narrow electronic distribution in their center of mass momentum space, K, = (k, +k;)/ 2, enabling us to
approximate treat the ground and excited states as a discrete energy broadened by static and dynamic environmental

interactions. In such a bound-exciton model, the carrier density in the above equation for Ac(t) decays approximately
exponentially in time, according to the rate equation?;
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where, P is the incident photon flux, 5(t) approximates our 140 fs excitation pulses, and t is the exciton relaxation lifetime
of the (X13-X24) state. If there are multiple states (e.g. Xi3-X23 and X13+X23) or multiple relaxation pathways there will be
multiple lifetimes t: and 12 in the rate law.

In Supplementary Figure 6a, we show further transient absorption spectra to Supplementary Figure 4b,c. This plot
shows raw unscaled TA spectral data. We believe negative signal in Supplementary Figure 6b is most likely an artifact
common to TA spectra. The details of this phenomenon is beyond the scope of this article (see ref. 5 for example).® There
remains some possibility that the unlabeled negative signal may also be ground state bleach recovery of the exciton state
because its energy is very close to the dark sate exergy, Xs. in fig 4b (gray). Resolution of such details will be reseverved
for future TA-focused work.
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Supplementary Figure 6. (a) Normalized relaxation dynamics for 1-photon pump and probe (green) resonant with 7.9°
tBLG showing an absolute signal scaling relative to a Bernal stack domain. (b) TA spectral evolution (corrected for the
0° graphene background contribution) for -0.6 to 7 ps delays, after a 1-photon pump near-resonant with a 7.9° domain
region.

Supplementary Note 4: Multi-Photon Power Dependence & Nonlinear Kinetic Response

Observed non-linear relaxation kinetic model:

The 2-photon carrier generation term grows quadratically with laser fluence, 1 (G~ 1?). This quadratic dependence is
shown in Supplementary Figure 7 under identical conditions for a standard quantum dot fluorophore. However, in
tBLG only one single domain is coherently excited creating multiple excitons on resonance. Consequently, the
overlapping excitons annihilate (widely observed in semiconducting carbon nanotubes and 2D transition metal
dichalcogenides).?” This has previously demonstrated with pump-probe measurements.?” Therefore, the kinetic rate for
the excitonic population may be approximated as:

%—Gé(t) yn?—kn (6)

where k is the sum of radiative and non-radiative linear rates, and G is the laser-induced carrier generation term. vy is the
nonlinear annihilation term, chiefly interlayer exciton-exciton annihilation (an  Auger process).

We have shown in Supplementary Figure 7-8 that multiple excitons are created on the same tBLG domain, and the y-
term dominates the fluence-dependent PL and TA measurements.?® In the commonly applied quasi-static approximation

one finds that, N, oC G . This says the total number of carriers remaining to emit PL scale with square-root of the laser
power for the 1-photon process (see green, pump-probe Supplementary Figure 7). Therefore, for a 2-photon process, the

carriers are populated as G~ 12, and so the PL scaling must be then linear for a 2-photon process (n, oc | oc fng ).



Experimental pump-fluence dependence on PL: We did detailed power-dependence on all measurements. The predicted
1-ph PL response for tBLG is n*? (as also seen in CNTs) and the observed 2-ph response PL is (n?)*?=n. To check this
was reasonable, we measured 2-photon CdSe quantum dot PL alongside to prove it had the expected n? dependence.
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Supplementary Figure 7. Power dependence of 1-photon TA measurements (left axis) and 2-photon PL (right axis)
taken in situ. Non-linear annihilation processes are evident in both the TA and PL data.

Experimental pump-fluence dependence on TA Kinetics: 1e-a.g'rap'hene -
Supplementary Figure 7 and 8 show that Auger annihilation -

contributes strongly to the TA power dependence of tBLG. 144
Auger exciton annihilation effects must be including the 1
electron dynamics of strongly-bound excitonic systems such as

1phe

CNTs, with the following characteristic kinetics: 2 f0-
5 =

dn gy _m m 2]

dt T 2 L:, l
Here, P is the incident photon flux, 5(t) approximates our 140 < 6“_
fs excitation pulse, 1 is the exciton relaxation lifetime of the 4
(X13-X23) state, and y the exciton annihilation rate constant. In 1
the short-time limit, when exciton density is highest, the 2+ ~f, 2 ph
above equation may be approximated as, n, ~ (2P/y)®®. This
suggests that if the tBLG TA signal comes for bound exciton 0 0 2 4. 6 8 10 Y ,3 6 8 10
states, it may scale with the square root of photon flux for a f x1013 photons/om f x101 photons/cm

one—phqton excitation, and linearly f_or two-photon excit_ation. Supplementary Figure 8. Transient absorption signal vs.
Accordingly, for tBLG, we observe in Supplementary Figure 8  photon flux, f. a. Graphene, showing Fermi-Dirac and

i a characteristic square root amplitude dependence that is seen  quadratic fits. b. tBLG TA, showing square root function
in analogous systems like the SWCNTSs. Consistent with and linear fits.?®

dominant exciton annihilation, we find the two-photon tBLG
response grows only linearly with photon flux.

As a control, we also show in Supplementary Figure 8a, the single-sheet graphene interband TA power
dependence fit to graphene's characteristic Fermi-Dirac electronic filling function. Conversely, the two-photon TA fits to
a quadratic function for delay times near t=0, as required. We conclude underlying square root behaviors observed suggest
Auger annihilation processes in tBLG. This further supports a bound exciton model, and suggesting future parallels
between tBLG and s-SWCNTSs photophysics, motivating future investigations.
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