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Being used in optoelectronic devices as ultrathin conductor-insulator junctions, detailed investigations are
needed about how exactly h-BN and graphene hybridize. Here we present a comprehensive ab initio study of hot
carrier dynamics governed by electron-phonon scattering at the h-BN/graphene interface, using graphite (bulk),
monolayer, and bilayer graphene as benchmark materials. In contrast to monolayer graphene, all multilayer
structures possess low-energy optical phonon modes that facilitate carrier thermalization. We find that the h-
BN/graphene interface represents an exception with a comparatively weak coupling between low-energy optical
phonons and electrons. As a consequence, the thermalization bottleneck effect, known from graphene, survives
hybridization with h-BN, but is substantially reduced in all other bilayer and multilayer cases considered. In
addition, we show that the quantum confinement in bilayer graphene does not have a significant influence on the
thermalization time compared to graphite and that bilayer graphene can hence serve as a minimal model for the
bulk counterpart.
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I. INTRODUCTION

How does an excited electron or hole lose its energy? This
question is at the heart of photovoltaic technology, as the
answer offers a hint for assessing the prospects of a given
material in solar cell applications [1]. Van der Waals (vdW)
heterostructures [2] of atomically thin crystals emerge as a
flexible platform that allows for adjustment of the scattering
channels and subsequent control of optoelectronic [3–6] and
photovoltaic [1,7–9] properties. The simplest realizations may
be bilayer heterostructures made of a two-dimensional (2D)
semiconductor and graphene [10–12]. The honeycomb sym-
metry of graphene’s carbon lattice results in a linear electron
dispersion and high optical phonon excitation energies, which
all together lead to a slow transfer of photocarrier energy
to the lattice [13,14]. On the semiconducting side, however,
the electronic dispersion at the band edge is parabolic, and
electron-phonon (EP) scattering typically turns out to be much
stronger than in graphene [13,15–17]. This can lead to the
situation that photoexcited carriers in the semiconducting
layer dissipate their energy much faster than in the attached
graphene. Such an asymmetric behavior of photocarrier en-
ergy dissipation on the two sides of a heterojunction can
create a temperature gradient, resulting in an intrinsic pho-
tothermoelectric effect [10]. Combining different materials
in the prototypical bilayer stacks is expected to reveal the
distinct properties of such heterojunctions. Along these lines,
a recent review [18] suggested six strategies for improving
the performance of vdW optoelectronic devices. To make a
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deliberate choice between the possible strategies, we need to
obtain a better understanding of the photocarrier evolution in
vdW heterostructures, which may strongly differ from that in
isolated 2D layers.

A common simplifying assumption in modeling opto-
electronic properties of vdW bilayers is that the two 2D
materials are in electrical contact but their single-layer proper-
ties remain otherwise unaffected [19]. Following the electron
affinity rule [20] (also known as the Schottky-Mott rule for
metal-semiconductor junctions [21]), one can figure out the
energy band alignment across the interface, see Refs. [22–26]
for recent bilayer examples. This simple approach might not
necessarily provide a complete physical picture, especially
for 2D materials, as the interfacial region in vdW bilayers
represents an integral part of the structure. Hence, vdW het-
erostructures made of two monolayers should be seen as a
single material possessing properties qualitatively different
from those of each individual monolayer.

Since photocarrier relaxation processes take place on fem-
tosecond or picosecond timescales, they are challenging to
probe experimentally [17,27]. In addition, atomically thin
samples require a high sensitivity of optical detection. Im-
portant recent advances on the experimental side have been
achieved by breakthroughs in time-resolved spectroscopy, no-
tably time- and angle-resolved photoemission spectroscopy
and pump-probe techniques [28–31]. On the theoretical side,
the study of ultrafast hot carrier relaxation processes requires
state-of-the-art techniques [32,33], which solve the many-
body physics in the time domain [34]. Recent developments
in ab initio computational modeling techniques are capable of
resolving individual scattering processes and provide insights
beyond experiments [32,34–41].
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Photocarrier dynamics in graphene has been studied ex-
perimentally [17,27,29,42,43] as well as theoretically using
empirical models [13,14,42,44] and recently in terms of a
parameter-free first-principles approach [38,45]. Graphene is
typically characterized on a substrate such as silicon oxide
(SiO2) [46,47] or silicon carbide (SiC) [48]. Rough substrate
surfaces and impurities on the surface or the graphene itself
act as charge traps and lead to an uneven charge distribu-
tion that reduces the carrier mobility in graphene [46,49].
On the other hand, being atomically thin, h-BN exhibits a
smooth surface almost free from dangling bonds and charge
traps [50], high-temperature stability [51], and a nearly com-
mensurate lattice structure to graphene. These qualities have
proven h-BN to be an ideal substrate for graphene. Devices
based on h-BN/graphene have shown high carrier mobilities
[50], ballistic transport [52,53], and quantum Hall effects
[54,55]. There are a number of theoretical studies on elec-
tronic and phononic properties as well as EP couplings for
the h-BN/graphene system [56–60]. The role of optical and
acoustical phonons in carrier thermalization is studied well in
graphene [38,42,45], but the effects of substrate phonons and
an increasing number of graphene or insulating h-BN layers
are yet to be explored. These are aspects that we address in
the present paper.

Here, we use ab initio methods to uncover the effects of
interlayer hybridization on photocarrier dynamics in vdW het-
erostructures prototyping graphene and h-BN as constituting
monolayers. As compared to the monolayer, unique inter-
layer phonon modes arise in bilayer and multilayer structures.
Caused by the weak interlayer coupling, low-energy optical
modes will emerge, in particular, from what are acoustical or
flexural modes in the decoupled monolayers. The photocarrier
thermalization bottleneck in graphene occurs for excitation
energies below the high-energy optical phonon modes [38],
i.e., electronic excitation energies below around 150 meV.
It is thus of particular interest to explore how these optical
phonon modes at low energies impact carrier dynamics and
whether they remove the thermalization bottleneck. We will
show that photocarrier dynamics nearly preserves monolayer
features if graphene is placed on h-BN. In contrast, the bottle-
neck is strongly reduced in bilayer graphene, which resembles
graphite from the photocarrier thermalization point of view.

The rest of the paper is organized as follows. We present
our theoretical approach to study photocarrier dynamics in
Sec. II. Results are discussed in Sec. III, followed by the
summary and outlook in Sec. IV.

II. THEORETICAL APPROACH

A. Electronic and phononic properties

We combine density functional theory (DFT) [61,62] with
density functional perturbation theory (DFPT) [63] to deter-
mine the EP scattering. With the Kohn-Sham eigenstates |nk〉
and the derivative of the self-consistent potential ∂pqV , EP
coupling matrix elements can be computed as

gmn,p(k, q) = 1√
2ωpq

〈mk + q|∂pqV |nk〉, (1)

where m, n denote electronic band indices, and h̄ωpq is the
energy of the phonon mode p at wave vector q [34]. The

matrix element gmn,p(k, q) defines an electronic transition
from the initial state |nk〉 to the final state |mk + q〉 by
scattering from the phonon pq. We determine the electron
self-energy �nk(T ) due to EP interaction within the Migdal
approximation [34,35],

�nk(T ) =
∑
m,p

∫
BZ

d3q

�BZ
|gmn,p(k, q)|2

×
[ Npq(T ) + f (0)

mk+q(T )

εnk − (εmk+q − εF) + h̄ωpq + iη

+ Npq(T ) + 1 − f (0)
mk+q(T )

εnk − (εmk+q − εF) − h̄ωpq + iη

]
, (2)

where εF = 0 is the Fermi energy, f (0)
nk (T ) =

1/[exp( εnk−εF
kBT ) + 1] is the Fermi-Dirac distribution,

Npq(T ) = 1/[exp( h̄ωpq

kBT ) − 1] is the Bose-Einstein distribution,
�BZ is the volume of the Brillouin zone (BZ), and η is a small
broadening parameter. The first term in the parentheses
in Eq. (2) represents the self-energy contribution from the
absorption of phonons and the second one stems from their
emission. To accurately map the EP scattering events in the
whole BZ, it is important that the self-energy calculations are
performed on fine grids over the electronic (k) and phononic
(q) states. For this purpose, we use an interpolation scheme
based on maximally localized Wannier functions (MLWF)
[64] in the software package PERTURBO [65].

To determine ground-state electronic and phononic prop-
erties, DFT within the local density approximation (LDA) as
implemented in QUANTUM ESPRESSO [66] is used. Our calcu-
lations are performed with the Slater exchange and Perdew-
Wang correlation (exchange-correlation functional SLA PW
NOGX NOGC) [66]. Core electrons are modeled through
optimized norm-conserving Vanderbilt pseudopotentials [67].
We employ plane wave (PW) basis sets with a kinetic energy
cutoff of 90 Ry and a charge density cutoff of 360 Ry. The
energy smearing is set to 0.02 Ry. We optimize unit cells and
atoms therein using the Broyden-Fletcher-Goldfarb-Shanno
algorithm [68], applying tight convergence criteria on forces
(10−6 Ry/a.u.) and total energies (10−8 Ry). To avoid artificial
interactions, we separate periodic images through a vacuum
of 16 Å (monolayer graphene) or 20 Å (bilayer graphene
and h-BN/graphene) along the z direction for the 2D systems
and truncate the Coulomb interaction in the out-of-plane di-
rection (flag “assume_isolated=2D” [69]). VdW corrections
are included for bilayer systems and graphite according to
a scheme of Grimme [66,70,71]. Calculations of electronic
wave functions in the BZ are performed on a �-centered
36 × 36 × 1 coarse k mesh for the 2D systems, while we
choose a 12 × 12 × 12 k mesh for bulk graphite.

We compute EP couplings in Eq. (1) and the self-energy
in Eq. (2) with the help of the PERTURBO code [65]. For
that purpose, the integration in Eq. (2) is carried out on a
1800 × 1800 × 1 k mesh for the 2D systems, along with
a q mesh containing 107 points, which we sample from
a uniform distribution. In addition, we truncate Coulomb
interactions for the 2D systems (flag “system2d=True”). For
bulk graphite, we select a 1800 × 1800 × 6 k mesh with 107

uniformly distributed q points. Together with η = 10 meV,

245419-2



PHONON-ASSISTED CARRIER COOLING IN … PHYSICAL REVIEW B 105, 245419 (2022)

we find this to be adequate to achieve converged results.
Beyond that, we assume that EP couplings are sufficiently
weak to neglect their influence on electron wave functions
and phonon dynamical matrices [65]. Anharmonic effects,
causing the renormalization of phononic properties, are also
disregarded for simplicity [35].

B. Time evolution of excited charge carriers

We describe the time evolution of the electronic occupa-
tion fnk(t, T ) in terms of the Boltzmann equation within the
relaxation time approximation (RTA) [72] via

dfnk(t, T )

dt
= − fnk(t, T ) − f (0)

nk (T )

τnk(T )
. (3)

Assuming the excitation to take place at t = 0, the solution is

fnk(t, T ) = f (0)
nk (T ) + e− t

τnk (T )
[

fnk(0, T ) − f (0)
nk (T )

]
, (4)

where fnk(0, T ) denotes the initial occupation of hot carriers
and f (0)

nk (T ) is the previously defined Fermi-Dirac distribution.
We determine the temperature-, band-, and wave-vector-
dependent scattering rates τ−1

nk (T ) that appear in Eqs. (3) and
(4) from the imaginary part of the self-energy in Eq. (2) as

τ−1
nk (T ) = 2

h̄
Im[�nk(T )]. (5)

In our analysis, the initial distribution fnk(0, T ) of hot
carriers is generated using a Fermi-Dirac distribution at tem-
perature T and Gaussian distributions with peak values at
excitation energies ±(ξ + �/2) above and below the Fermi
level for holes and electrons, respectively. In detail,

fnk(0, T ) = f (0)
nk (T )

{
+λe(ξ )e− (εnk−ξ−�/2)2

2σ2 , εnk � εF

−λh(ξ )e− (εnk+ξ+�/2)2

2σ2 , εnk < εF.
(6)

In the above equation, � is the band gap of the material, σ =
8.47 meV is a small broadening, and ξ is the excess energy.
We furthermore define the full population as

P(E , t, T ) =
∑
nk

δ(E − εnk ) ×
{

fnk(t, T ), E � εF

[1 − fnk(t, T )], E < εF,

(7)

the time-independent equilibrium population P0(E , T ) is ob-
tained from Eq. (7) by replacing fnk(t, T ) with f (0)

nk (T ), and
the difference yields Pexc(E , t, T ) = P(E , t, T ) − P0(E , T ).
Electron and hole densities are related to the energy-, time-,
and temperature-dependent photoexcited carrier population
Pexc(E , t, T ) at t = 0 through

neα =
∫ εmax

εF

Pexc(E , 0, T )dE ,

nhα =
∫ εF

−εmax

Pexc(E , 0, T )dE ,

(8)

where α is the in-plane area of the unit cell for monolayer
graphene, bilayer graphene, and h-BN/graphene, or the vol-
ume of the unit cell for graphite. In the expressions we
integrate from the Fermi energy εF = 0 to a sufficiently large
εmax = 4 eV (see also Fig. 1). For each material, we choose

FIG. 1. Electronic (left column) and phononic (right column)
band structures for (a) h-BN/graphene, (b) monolayer graphene,
(c) bilayer graphene, and (d) graphite along � − M − K − � di-
rections in the irreducible wedge of the BZ. The electronic band
structures are shown for PWs (solid black lines) and MLWFs (red
dotted lines) in each case. For h-BN/graphene, we find a small band
gap of around 150 meV. Note that we show magnified views of
electronic dispersions, and � points are thus not visible.

initial photoexcited carrier densities of electrons and holes to
be equal, nh = ne, and constant with regard to different tem-
peratures T and excess energies ξ considered. Rearranging
Eq. (8) expresses the dimensionless functions λe(ξ ) and λh(ξ )
in Eq. (6) as

λe(ξ ) = neα∫ εmax

εF
dE

∑
nk

δ(E − εnk ) exp
(− [εnk−ξ−�/2]2

2σ 2

) ,

λh(ξ ) = nhα∫ εF

−εmax
dE

∑
nk

δ(E − εnk ) exp
(− [εnk+ξ+�/2]2

2σ 2

) . (9)
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Finally, we determine the thermalization time τth through the
relation

Pexc(ξ, τth, T )

Pexc(ξ, 0, T )
= 1

e
. (10)

This equation expresses τth as a function of ξ and T .
Let us note that for the materials studied in Refs. [73,74]

with gap sizes larger than 1 eV and for temperatures below
1000 K, the thermal equilibrium population can be ignored,
and Pexc(E , t, T ) ≈ P(E , t, T ). Since we study here graphene
and related few-layer crystals with vanishing or low gap sizes
on the order of 100 meV, the thermal contribution needs to
be taken into account, and we thus use the excited popu-
lation Pexc(E , t, T ) in Eq. (10) as well as in the following
discussions.

Regarding our method, the RTA is valid for low excita-
tion intensities, leading to low photoexcited carrier densities
ne and nh. It describes the photoexcited carrier relaxation
directly to the thermalized state, omitting any intermediate
scattering events. In our formalism, temperatures appear in
electronic and phononic occupations. We keep electron and
phonon baths at the same temperature T at all times, see,
for instance, Eq. (2). The approach thus corresponds to a
single-temperature model.

III. RESULTS AND DISCUSSION

Optimized geometrical parameters are shown in Table I.
Note that we assume Bernal stacking for h-BN/graphene,
bilayer graphene, and graphite. The calculated lattice con-
stants for graphite, monolayer, and bilayer graphene are in
good agreement with previous ab initio and experimental val-
ues [75–81]. The difference between the lattice constants of
graphene and h-BN is less than 3% [82], and hence we assume
the same hexagonal unit cell for the coupled h-BN/graphene
system. The optimized lattice parameters for h-BN/graphene
match well with literature [57,78,83].

In Fig. 1, we display the electronic and phononic band
structures of h-BN/graphene, monolayer graphene, bilayer
graphene, and graphite. The good agreement of electronic
band structures obtained from DFT with PWs and those inter-
polated using MLWFs demonstrates the quality of the MLWF
construction. The electronic band structure of monolayer
graphene features the well-known linear energy dispersion
around the Dirac point, i.e., around the K point in the BZ.
For hypothetical bilayer graphene without interlayer coupling,
the band structure would be doubled. Due to interlayer hy-

TABLE I. Optimized cell parameters (a = b and c), interlayer
spacing (d), as well as C–C and B–N bond lengths for the studied
systems.

Distance (Å)

System a c d C–C B–N

(a) h-BN/graphene 2.47 20 3.21 1.43 1.43
(b) Monolayer graphene 2.45 16 – 1.41 –
(c) Bilayer graphene 2.45 20 3.31 1.41 –
(d) Graphite 2.45 6.61 3.31 1.41 –

FIG. 2. Imaginary part of the EP self-energy Im[�nk(T )] as a
function of energy for (a) h-BN/graphene, (b) monolayer graphene,
(c) bilayer graphene, and (d) graphite at T = 0 K, and the corre-
sponding electronic DOS.

bridization the bands split up. Two pairs of parabolic valence
and conduction bands emerge, one pair being energetically
well-separated, while the other pair forms two bands, which
touch each other at the K point and at the Fermi energy
[75,84]. When graphene is placed on a single h-BN layer, the
electronic band structure in the vicinity of the Fermi energy
is similar to that of graphene. Since h-BN is a insulator, its
valence and conduction bands are energetically well separated
from the linear band crossing at the Dirac point. However, a
small band gap opens up at the Dirac point [83,85], because
the weak interlayer coupling to h-BN distinguishes the carbon
atoms in the graphene lattice. This induces an effective elec-
tronic mass term, which opens the gap [85,86]. Based on our
DFT calculations, the electronic band gap opening amounts to
around 150 meV, similar to literature values [56,57]. The low-
energy band structure of graphite resembles those of bilayer
graphene. Analogously, phononic band structures of bilayer
graphene and graphite are similar to each other, and their
primitive cells contain the same number and type of atoms.
In comparison to monolayer graphene with two atoms in the
unit cell, leading to three acoustical (one of them turning out
to be a flexural mode due to the 2D character) and three optical
modes, we expect six further optical modes in these two ma-
terials. In particular, we observe three additional low-energy
optical modes at � below 25 meV, owing to the weak inter-
layer coupling and a corresponding splitting of what would be
acoustical modes in fully decoupled monolayers [80]. In the
case of the vdW heterostructure, h-BN/graphene band degen-
eracies for acoustical and optical modes are typically removed
due to the difference in masses of the constituting atoms B, N,
and C, in contrast to bilayer graphene and graphite [60].

Having discussed electronic and phononic properties, we
analyze Im[�nk(T )] from Eq. (2). It is shown in Fig. 2 at
T = 0 K within an energy interval of ±3 eV around the Fermi
energy and compared to the density of states (DOS) for each
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FIG. 3. EP scattering rates τ−1
nk (T ) as a function of energy for (a)

h-BN/graphene, (b) monolayer graphene, (c) bilayer graphene, and
(d) graphite, evaluated at different temperatures ranging from T = 0
to 900 K.

of the systems under study. We observe that the imaginary
part of the self-energy follows the electronic DOS, as the
latter essentially represents the phase space for EP scattering.
The rapid increase of Im[�nk(T )] with electronic energy away
from valence and conduction band edges indicates an efficient
energy transfer to phonons for highly excited photocarriers.
Electrons or holes with a high energy can scatter repeatedly
by phonons and quickly relax to lower energy states, until they
reach the band edges. Prominent peaks around ±2 eV in Fig. 2
can be attributed to the slowly varying energy bands around
the M point in the BZ.

Similar to our previous study on graphene [38], we find
that photocarriers with an energy below the optical phonon
energies of about 150 meV relax at a much slower rate than
above. To focus on this interesting region, we will therefore
perform our calculations for the remainder of this paper within
the 300 meV energy window of conduction and valence band
edges, i.e. within about ±300 meV around εF.

The EP scattering rates τ−1
nk (T ) of Eq. (5) are shown in

Fig. 3 as a function of energy for different temperatures in
the range of 0 to 900 K. These temperatures correspond to
a realistic range, given that melting points for graphene and
h-BN have been reported to be as large as 4900 K [87] and
3300 K [51], respectively. For all the analyzed materials, we
observe that τ−1

nk (T ) varies by orders of magnitude with regard
to energy and temperature.

Let us first concentrate on the low-temperature limit of
T = 10 K. For graphene, scattering rates increase strongly as
a function of energy around εF = 0, highlighting inefficient
EP scattering until the highest phonon branches at 150 −
200 meV are reached. Above around 150 meV, the scattering
rates increase abruptly due to emission of optical phonons
[38,42]. For the multilayer structures, we see a more complex
behavior of τ−1

nk (T ) with steplike features within the energy
interval of ±150 meV around the Fermi energy. For bilayer

graphene and graphite, there exist pronounced plateaus in
energy from 20 to 150 meV, while for h-BN/graphene we
see two plateaus, which range in absolute energies from 95–
150 meV and 175–200 meV. Taking into account the offset
�/2 = 75 meV due to the band gap in h-BN/graphene, we
attribute this behavior in bilayer graphene, graphite, and h-
BN/graphene to the low-lying optical phonons with energies
as low as 5 meV (see Fig. 1 and Table II).

For all the materials studied, EP scattering rates fur-
thermore exhibit a strong temperature dependence below
150 meV and a weaker one above, the energy threshold co-
inciding again with the high-lying optical phonon energies. In
our single-temperature model, where electrons and phonons
are described by the same T , a higher temperature leads to
a larger thermal smearing of both electronic and phononic
bath occupations. The scattering rates, hence, increase mono-
tonically with temperature, as illustrated in Fig. 3, where the
rates are plotted for T = 0, 10, 100, 300, 600, and 900 K. As
discussed exemplarily for 10 K before, scattering rates for
temperatures of 300 K or below show a pronounced energy
dependence and promptly rise as we move away from the
Fermi level or the band edges. At T � 300 K and energies
below 150 meV, all systems feature rather low scattering rates.
Elevated temperatures increasingly wash out the energy de-
pendence of τ−1

nk (T ), see especially the cases of T = 600 and
900 K, which we attribute to phonon absorption. For mono-
layer graphene, shown in Fig. 3(b), the scattering rate near the
Fermi level increases from below 10−6 fs−1 at T = 10 K by
some three orders of magnitude to 10−3 fs−1 at T = 600 K.
The h-BN/graphene vdW heterostructure behaves in a sim-
ilar manner at the valence and conduction band edges. The
corresponding values for bilayer graphene and graphite are
increased to a lesser extent from 10−3 fs−1 at T = 10 K by
around one order of magnitude to 10−2 fs−1 at T = 600 K.
We explain this difference by the parabolic dispersion of low-
energy electron bands in multilayer graphene systems [75,84],
which lifts the mismatch between electronic and acoustical
phonon velocities that exists in monolayer graphene. The scat-
tering rates for graphite feature a comparatively large spread.
Since we observe the fuzziness only in graphite, we attribute
it to the lack of 2D confinement. Let us also note that the
scattering of holes and electrons is very much comparable in
monolayer graphene, in accordance with the highly symmetric
DOS visible in Fig. 2. In the case of h-BN/graphene, bilayer
graphene and graphite scattering rates are slightly higher for
holes than for electrons, a feature that is also partly reflected
in the DOS plots of Fig. 2.

The time-dependent population Pexc(E , t, T ) of excited
carriers is plotted in Fig. 4 at T = 10 K for an excess en-
ergy ξ = 50 meV, i.e., electron energy of 50 meV above
the conduction band minimum and hole energy of 50 meV
below the valence band minimum. At t = 0, we excite 1013

cm−2 carriers in the 2D monolayer and bilayer systems and
1.5×1013 cm−3 in graphite [see Eqs. (8) and (9)]. While
monolayer and h-BN/graphene show the slowest thermaliza-
tion dynamics, bilayer graphene and bulk graphite thermalize
by orders of magnitude faster. Initial photoexcited carrier pop-
ulations of electrons and holes are identical in all materials
due to the excitation assumed [see Eq. (6)]. At later times, we
find holes to relax faster than electrons for h-BN/graphene,
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TABLE II. Phonon modes p at q = � = 0 with energy h̄ωp� < 50 meV, and the scattering rates τ−1
nk (T ) at T = 10 K for electrons in band

n = 1 at the Dirac point k = K due to the interaction with the corresponding phonon mode p at q = �. No data is shown for monolayer
graphene, since all of its optical phonon modes are located at energies above 50 meV. To provide scattering rates that are consistent with the
data shown in Fig. 3, we have divided the rates obtained by PERTURBO for k = K and q = � by a factor of 107, which is the number of total q
points used previously.

Mode p h-BN/graphene Monolayer graphene Bilayer graphene Graphite

h̄ωp� (meV) τ−1
1K (fs−1) h̄ωp� (meV) τ−1

1K (fs−1) h̄ωp� (meV) τ−1
1K (fs−1) h̄ωp� (meV) τ−1

1K (fs−1)

4 8.57 2.20 ×10−9 – – 6.48 2.64 ×10−7 4.93 5.80 ×10−7

5 8.57 3.21 ×10−9 – – 6.48 2.60 ×10−7 4.93 5.78 ×10−7

6 20.07 4.49 ×10−9 – – 19.3 3.36 ×10−11 8.48 4.59 ×10−16

bilayer graphene and graphite in Figs. 4(a), 4(c) and 4(d). This
is clearly visible from the different peak heights that develop
with time. Only for graphene, electrons and holes relax at a
similar pace. This behavior is expected from the scattering
rates, displayed in Fig. 3. There is an additional asymmetry,
occurring in electron and hole populations separately in the
course of time, due to the energy dependence of the scattering
rates, see, for instance, the slight shift of peak maxima toward
εF in Fig. 4.

To obtain an overview of photocarrier dynamics, we
summarize the thermalization times τth [see Eq. (10)] of
electrons and holes as a function of excess energy at dif-
ferent T in Fig. 5. For excitations with ξ < 150 meV, i.e.,
below the high-lying optical phonon energies of monolayer
graphene, the thermalization time decreases rapidly with in-
creasing temperature in all materials studied. Simultaneously,
the thermalization time is substantially extended for systems
containing only a single graphene layer as compared to the
multilayer graphene stacks, if temperatures are sufficiently
low. Finally, beyond the highest optical phonon energy of
around 200 meV, carriers thermalize quickly in all materials,

FIG. 4. Time-dependent excited photocarrier population
Pexc(E , t, T ) as a function of energy, measured in eV, for electrons
and holes at an excess energy ξ = 50 meV and temperature
T = 10 K for (a) h-BN/graphene, (b) monolayer graphene,
(c) bilayer graphene, and (d) graphite.

demonstrating only a weak dependence on temperature. Ther-
malization times then drop to a few hundred femtoseconds or
less, sharply contrasting those at smaller excess energies ξ .

In Fig. 5, graphene shows nearly identical thermaliza-
tion times for electrons and holes (with dashed and solid
lines coinciding). For the other systems, electrons thermalize
more slowly than holes, as expected from Figs. 3 and 4.
The overall dependence of τth on ξ is very similar for all
carbon-based systems, i.e., for graphene, bilayer graphene,
and graphite, and exhibits a plateau region followed by a
sharp drop starting from around 150 meV for T < 300 K. The
plateau is somewhat inclined for graphene but much flatter for
bilayer graphene and graphite. The magnitude of thermaliza-
tion times at low temperature and ξ is reduced by two orders
of magnitude in bilayer graphene and graphite as compared
to monolayer graphene. Maximum values of thermalization
times for the h-BN/graphene heterostructure at low T are
reduced by around an order of magnitude as compared to
those of monolayer graphene. Apart from this quantitative
difference, we observe a complex dependence on the exci-
tation energy, where τth decreases in two steps at around
100 and 150 meV, particularly well visible at T < 300 K and

FIG. 5. Thermalization times τth of electrons (solid lines) and
holes (dashed lines) as a function of excess energy ξ at different tem-
peratures for (a) h-BN/graphene, (b) monolayer graphene, (c) bilayer
graphene, and (d) graphite.
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FIG. 6. Optical phonon modes with energies below 50 meV for
the h-BN/graphene system at the � point. The color code of atoms
and the coordinate system are shown on the right side.

similar to the plateau features found for the EP scattering
rates in Fig. 3. As before, the deviations from the behavior
of monolayer graphene in multilayer systems arise from elec-
tron and phonon band hybridization, the resulting emergence
of low-energy optical phonon modes and the modified EP
interactions.

In the previous paragraphs, we have seen that the ab-
sence of low-energy optical modes leads to the thermalization
bottleneck in graphene. Such low-energy optical modes are,
however, present in the other bi- and multilayer systems stud-
ied here. To understand the role of optical phonon modes
with energies below 50 meV in the thermalization, we have
computed the corresponding EP scattering rates for electrons
at the Dirac point (K) due to the phonons at � for a tem-
perature of 10 K. In this way, we describe the most relevant
low-energy processes, i.e., the interaction of electrons at the
K valley with phonons with vanishing momentum. Let us
emphasize that since the crossing of phonon bands (see Fig. 1)
prevents a fully mode-resolved description of scattering rates
on the whole BZ, we resort to a single q point. In Table II,
we present the EP scattering rates for all the materials and all
those optical modes at � with energies below 50 meV. Note
that the first three acoustical phonons are omitted, since they
yield no contribution. The reason is that EP couplings vanish
for pure translations. In Fig. 6, we furthermore display the
form of the three energetically lowest optical phonon modes at
the � point for h-BN/graphene, i.e., excluding the acoustical
modes. The modes for the other multilayer systems bilayer
graphene and graphite are qualitatively similar, in particular
modes 4 and 5 are always of in-plane character while mode 6
describes an out-of-plane motion.

Table II reveals that the optical phonon modes at � with en-
ergies below 50 meV contribute to the scattering of electrons
at K for h-BN/graphene, bilayer graphene, and bulk graphite.
Their contributions cause a faster relaxation of hot carriers
in contrast to monolayer graphene, where such low-energy
modes are missing. For bilayer graphene and graphite, the
low-energy in-plane optical modes (modes 4 and 5) are mostly
responsible for the scattering, as indicated by the values of
τ−1

1K in Table II. Rates of in-plane modes are comparable for
these two materials, and thermalization in bilayer graphene
and graphite therefore takes place on similar timescales in
agreement with Fig. 5. While for graphite the contribution
of the out-of-plane optical mode is very small, it is much

higher for bilayer graphene and further enhanced for the h-
BN/graphene vdW heterostructure. This shows that the EP
scattering due to interlayer coupling is more pronounced in
2D systems relative to their bulk counterparts. Note also
that the energy of the out-of-plane mode 6 is substantially
reduced in graphite as compared to h-BN/graphene and bi-
layer graphene. A similar softening is also observable for the
in-plane modes, although their energies remain more similar
throughout the considered multilayer materials. Remarkably,
for h-BN/graphene the contribution of the out-of-plane mode
to the EP scattering is comparable to the in-plane ones, but
the rates τ−1

1K for modes 4-6 are overall around two orders of
magnitude lower than those of the important in-plane modes
for bilayer graphene and graphite. This explains why the
thermalization times in h-BN/graphene are longer than in
these two carbon-based materials and why the thermalization
bottleneck in h-BN/graphene is largely preserved.

Let us now relate our outcomes to experimental results
on graphene and graphene-based heterostructures. Dawlaty
et al. [88] have measured the carrier relaxation times in
epitaxial graphene layers on SiC wafers using ultrafast op-
tical pump-probe spectroscopy and observed two distinct
timescales associated with the relaxation of nonequilibrium
photogenerated carriers: an initial fast relaxation transient in
the 70 to 120 fs range, followed by a slower relaxation process
in the 0.4 to 1.7 ps range. These fast and slow time constants
are related to carrier-carrier and carrier-phonon scattering pro-
cesses in graphene. Note that epitaxial graphene typically does
not represent a single layer but is in fact a stack of a few
graphene layers. Our model predicts that the phonon-related
thermalization time does not strongly depend on temperature
in the optical excitation limit (ξ > 0.5 eV in Ref. [88]) and
is indeed around 0.1 ps for bilayer graphene and graphite.
In contrast, the carrier relaxation time in h-BN-encapsulated
graphene has been measured for near infrared excitations
(ξ ≈ 0.4 eV) at temperatures in the range from 10 to 300 K
[89] and was found to be one order of magnitude higher, as
expected from our Fig. 5.

Optically excited electrons, injected from graphene into an
adjacent 2D semiconductor, have been studied in Ref. [90] at
temperatures ranging from 100 to 300 K. The electronic gap
of the semiconductor filters out low-energy (i.e., thermalized)
electrons so only nonthermalized electrons are collected, see
also Ref. [73]. The measurement shows 25 fs electron injec-
tion time from graphene to the 2D semiconductor with up
to 50% quantum yield. Our model predicts a thermalization
time of about 100 fs at the relevant excitation energies, which
matches well with the expectations. Note that the measured
quantum yield shows strong dependence on photon energy
but remains nearly constant with varying photon density (flu-
ence). This is in good agreement with our model, predicting
a thermalization time that strongly depends on ξ . At the
same time, it independently justifies our assumption of lin-
ear response, neglecting possible complex nonlinear intensity
dependencies.

Finally, let us discuss different possibilities to improve the
theoretical approach presented here. We note that DFT meth-
ods using exchange correlation functionals based on LDA
do not fully capture the Kohn anomalies in graphene and
graphite [45,91]. Kohn anomalies have been argued to be
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responsible for a prevalent contribution of the high-energy op-
tical phonons to electronic thermalization in graphite [45,92].
Despite the shortcomings, our LDA calculations reproduce
this crucial relaxation mechanism. Nevertheless, an improved
description of Kohn anomalies through GW corrections ap-
pears to be worthwhile in future work [45,91]. Furthermore,
the use of polar corrections [93,94] might be advised espe-
cially for the h-BN/graphene system. We checked that they
do not lead to significant changes in the EP scattering rates of
Fig. 3. We did not consider polar corrections here because for
h-BN/graphene they resulted in two imaginary frequencies
in the phonon dispersion at the � point. Finally, we employ
a single temperature for electrons and phonons and use the
RTA. Instead, coupled electron and phonon distributions may
be propagated in time, involving a reevaluation of scattering
rates in every time step [45]. In this way, the occupation
of all electronic and phononic modes in the BZ is tracked,
representing a multitemperature model. In addition, methods
may be utilized to better describe the quantum behavior of
electrons and phonons [95,96].

IV. CONCLUSIONS

In conclusion, we carried out a detailed study of EP-
induced scattering rates and the related photocarrier thermal-
ization in the h-BN/graphene vdW heterostructure. In this
context, monolayer and bilayer graphene as well as bulk
graphite served as reference systems. Combining DFT and
DFPT with a MLWF interpolation, we calculated the excited
carrier relaxation times from first principles, i.e., without free
parameters, for a large range of temperatures and excess
energies.

We find that EP scattering rates differ significantly for the
investigated systems at low temperatures and at excitations
below around 150 meV. At temperatures above 600 K and at
higher excitation energies, the scattering rates turn out to be
quite comparable.

Monolayer graphene exhibits an extremely low scattering
rate at low temperatures and at low excitation energies, re-
sulting from its linear band dispersion and the absence of
low-energy optical phonon modes, which leads to a slow
cooling of excited carriers. In contrast to bilayer graphene,
where the photocarriers thermalize similarly rapidly as in
graphite, replacing one graphene layer with h-BN restores
the hot-carrier thermalization bottleneck found in monolayer
graphene. We attribute this to a comparatively weak coupling
of low-energy optical phonon modes to the electronic states in
this particular heterostructure. Suppressed EP coupling along
with a low impurity concentration at the h-BN/graphene in-
terface may be responsible for the large electron mobility,
typically observed in such structures. Understanding interfa-
cial coupling mechanisms, we foresee deliberate approaches
to design functional electronic devices based on vdW
heterostructures.
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