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Electron-hole generation and recombination rates for intravalley and intervalley phonon scattering in
graphene are presented. The transverse and the longitudinal optical phonon modes (E2g modes) near the zone
center (I' point) contribute to intravalley interband carrier scattering. At the zone edge [K(K') point], only the
transverse optical phonon mode (A] mode) contributes significantly to intervalley interband scattering with
recombination rates faster than those due to zone-center phonons. The calculated recombination times range
from less than a picosecond to more than hundreds of picoseconds and are strong functions of temperature and
electron and hole densities. The theoretical calculations agree well with experimental measurements of the

recombination rates of photoexcited carriers in graphene.
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I. INTRODUCTION

Graphene is a single two-dimensional atomic layer of car-
bon atoms forming a dense honeycomb crystal lattice.'~* The
high mobility of electrons and holes in graphene has
prompted theoretical and experimental investigations into
graphene-based ultrahigh-speed electronic devices such as
field-effect transistors, pn-junction diodes, and terahertz
oscillators.>~® The performance of many of these devices de-
pends on the electron-hole generation and recombination
rates in graphene. For example, the diffusion length of in-
jected minority carriers in a pn-junction diode is proportional
to the square root of the minority carrier recombination time.
The threshold pumping levels required to achieve population
inversion, as well as plasmon gain, in graphene also depend
on the carrier recombination rates.” Graphene photodetectors
have also been realized.” The efficiency of graphene-based
visible/IR/far-IR detectors and/or solar cells would be criti-
cally dependent on the carrier recombination times.!? It is
therefore important to understand the mechanisms that are
responsible for electron-hole generation and recombination
in graphene and the associated time scales.

Intraband scattering in graphene due to acoustic and opti-
cal phonons has been extensively studied.!'~!> In this paper
we calculate the electron-hole generation and recombination
rates in graphene due to intravalley and intervalley phonon
interband scattering. We find that the total recombination
times range from less than a picosecond to more than hun-
dreds of picoseconds and are strong functions of the tem-
perature and the electron and hole densities. Near the zone
center (I" point), only the transverse and the longitudinal op-
tical phonon modes (E,, modes) contribute to intravalley in-
terband scattering. At the zone edge [K(K') point], only the
transverse optical phonon mode (A; mode) contributes sig-
nificantly to intervalley interband carrier scattering and the
calculated recombination rates are found to be faster than
those due to the zone-center E,, modes. The theoretical re-
sults compare well (within a factor of unity) with the re-
cently reported measurements of the recombination times of
photoexcited carriers in epitaxial graphene.!®
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PACS number(s): 73.63.Bd, 73.50.Gr, 72.10.Di, 73.61.Wp

II. THEORETICAL MODEL

In graphene, the electronic Hamiltonian for wave vector k
in the tight-binding approximation is?
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where ¢ is the energy matrix element between the p orbitals
on neighboring carbon A and B atoms and has a value of
~3.0 eV and f(k)=3,exp(ik.d,). Here, d,, are the position
vectors from carbon atom A to its three nearest B atoms (Fig.
1). Near the K (or K’) point in the Brillouin zone, the energy
dispersion relation for the conduction and valence bands is
E(k)=sfiv|AK]. s equals +1 and —1 for conduction and va-
lence bands, respectively, the velocity v equals V3ra/2
=10% cm/s, and Ak is the difference between k and the wave
vector of the K (or K’) point. The corresponding Bloch func-
tion can be written as a sum over the p orbitals of all carbon
atoms,
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For the A atoms, qi(E,s) equals 1, and for the B atoms, it
equals sf*(k)/|f(k)|=s exp[ig((k))]. A suspended graphene
sheet supports phonon modes with both in-plane and out-of-
plane atomic displacements. The modes with out-of-plane
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FIG. 1. (Color online) Left: graphene lattice. Right: first Bril-
louin zone.
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FIG. 2. (Color online) Phonon dispersion relation of graphene
obtained from considering fourth nearest-neighbor interactions in
the dynamical equation.

atomic displacements do not couple with electronic transi-
tions (to linear order in atomic displacements)!! and will
therefore be ignored in this paper. The displacements ii,(q)
and u5(q) of the A and B atoms, respectively, corresponding
to phonons with wave vector ¢ satisfy the dynamical
equation,>!”
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where, following Saito et al.,’ the matrix D includes fourth
nearest-neighbor interactions caused by in-plane bond-
stretching and bond-bending displacements. M is the mass of
a carbon atom and w(g) is the phonon frequency. The pho-
non dispersion relations found by solving the above equation
are shown in Fig. 2. Although this technique is not as accu-
rate as the ab initio methods for obtaining phonon
dispersions,'® it is adequate for calculating phonon eigenvec-
tors at the high-symmetry points and these eigenvectors will
be needed in the calculations that follow. The LA and TA
acoustic phonon modes near the I' point can cause intraband
carrier transitions via deformation potential scattering.'®
Zone-center acoustic modes cannot cause interband carrier
transitions because energy and momentum would not be con-
served. Therefore we concentrate on the optical phonon
modes. In the tight-binding approximation, the matrix ele-
ment between two Bloch states of the perturbing Hamil-
tonian due to atomic displacements associated with a phonon
of wave vector ¢ can be written as
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Note that the electron wave vector k is measured form the
zone center and the relation in Eq. (4) is valid for both in-
travalley and intervalley scattering processes. According to
the approximation made here, only those phonon modes that
cause bond-stretching couple with electronic transitions. The
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value of dt/db obtained from experiments and density-
functional calculations is ~45 eV/nm.?® The atomic dis-
placements 12,(r) and ug(7) for each phonon mode can be
written in the standard form,

ﬁm} 7 [EA@] . e
= — bi+b')—, (5
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where p is the density of graphene and equals ~7.6
X 1077 kg/m?. It remains to calculate the eigenvectors ¢,(g)
and ég(g) for phonon modes near the I' and K(K') points.
These can be obtained from the solution of the dynamical
equation in Eq. (3) and must be normalized such that
e,(q).ex(@)+ep(q).e5(q)=2. Near the T" point, the degener-
ate LO and TO phonon modes correspond to the two-
dimensional E,, representation of the point group Dy, and
their eigenvectors can be written as
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At the K(K') points, the group of the wave vector is D5, and
the phonon mode with the highest energy corresponds to the
one-dimensional A| representation of this group. At the K,
point 477/3a(0,—-1), the eigenvector is found from Eq. (3) to
be
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The two degenerate modes at the K(K') points correspond to
the two-dimensional £’ representation of the group D5, and
their eigenvectors at the K; point are

ex(K)) L= ex(K,) 1| -
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Finally, the lowest energy phonon mode at the K(K') points
correspond to the one-dimensional A) representation of the
group D3, and its eigenvector at the K;-point is
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The eigenvectors for all other K(K') points can be obtained
either directly from Eq. (3) or from the eigenvectors at the K,
point using symmetry arguments based on the corresponding
representation of the group Ds,. Using the calculated eigen-
vectors the matrix elements in Eq. (4) come out to be exactly
zero for the E’ and the A5 phonon modes at the zone edge.
Therefore, within the tight-binding approximation that only
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FIG. 3. (Color online) Interband intravalley and intervalley elec-
tron scattering by optical phonons in graphene.

bond-stretching motion causes electron scattering, the £’ and
the A} phonon modes do not cause electron transitions. Away
from the zone edge, the matrix elements in Eq. (4) are non-
zero for the E’ and the A} modes. However, the net contri-
bution to electron scattering is small enough compared to the
other phonon modes that it will be ignored.

III. RESULTS

Intravalley interband carrier scattering is due to the zone-
center LO and TO phonons (E,, modes) (Fig. 3). Assuming
the frequency of these modes to be dispersion free and equal
to wrg, the recombination rates Ry o and Rrrg, and genera-
tion rates G and Gppo (units: 1/cm?-s) can be obtained
using the matrix elements given in Eq. (4) and the final re-
sults can be written as

Rrio=R —2<ﬁ)2;ywmw€
FLO=ITO™ 4\ b prpoh4v4 0

X E(horg = E)(E - Eg)[1 - f(E-fiore - Ef,)]
X[1 + ny(hore)], (10)
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Here, f(E —Ef) are the electron distribution functions for the
conduction and valence bands and n,,(fwrp) are the phonon
occupation numbers. The product E(hAwro—E) in the inte-
grand comes from the initial and final densities of states.
Intervalley interband scattering is due to the zone edge Aj
mode (Fig. 3). Assuming the frequency of this mode to be
dispersion free and equal to wgq, the recombination and gen-
eration rates, Ro and Gy (units: 1/cm?-s), respectively, can
be obtained in a similar fashion. The results are identical to
those given in Egs. (10) and (11) except that the prefactors
are 9/2 instead of 9/4 (i.e., twice as large) and wr is re-
placed by wgq. The total recombination rate R and the gen-
eration rate G due to both intravalley and intervalley phonon
scattering are, R=Ryjo+Rrro+Rxo and G=Gpo+Grro
+Ggo. Since wgo<wrg (wgo~1300 cm™ and wpg
~1580 cm™'), and because the integrated squared matrix el-
ement for scattering by the zone edge A| mode is twice as
large as the one for each of the zone-center Ey, modes,
electron-hole recombination due to intervalley scattering is
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FIG. 4. (Color online) Electron-hole recombination (solid) and
generation (dashed) rates due to intravalley and intervalley optical
phonon scattering in graphene at 7=77 K and at 7=300 K are
plotted as a function of the electron and hole densities (assumed to
be equal). The top curve in each pair corresponds to intervalley
scattering (Rgo or Ggg), and the bottom curve corresponds to in-
travalley scattering (R o+Rrro or Grio+Grro)-

expected to be faster than due to intravalley scattering.

It is interesting to look at the energy dependence of the
recombination lifetime 7,(E) of an electron in the conduction
band. Assuming n,, =0, 7,(E) is,

1 9(£>2(ﬁwm—E)

@:Z b [1-fE-howro=-Ep)]
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+{wro — wko}- (12)

The above expression shows that if the valence band has
enough empty states available then conduction electrons near
the Dirac point recombine the fastest since they see the larg-
est final density of states in the valence band. If the valence
band has empty states only near the Dirac point then conduc-
tion electrons with energy near the optical phonon energy
will have the shortest recombination lifetime. The average
recombination time 7, is defined as

min(n,p)
7= R (13)
Figure 4 plots the recombination and generation rates due

to intravalley and intervalley optical phonon scattering at T’
=77 K and at T=300 K are plotted as a function of the
electron and hole densities (assumed to be equal). Equal
electron and hole densities are generated, for example, when
graphene is photoexcited as was done in recent
experiments.”>%16.21.22 Near thermal equilibrium electron and
hole densities and recombination and generation rates due to
intervalley scattering (Rgo or Ggg) are ~2.5 times faster at
T=300 K and ~115 times faster at 7=77 K compared to
intravalley scattering rates (Rrio+Rrro or Grio+Grro)-
This difference is because wgg < wrqg. As would be expected,
interband optical phonon scattering is less effective at lower
temperatures and at smaller carrier densities. However, even
at low temperatures the scattering rates can be very fast if the
carrier densities are large. Figure 5 shows the average recom-
bination time 7, due to phonon scattering plotted as a func-
tion of the electron and hole densities (assumed to be equal)
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FIG. 5. (Color online) Electron-hole recombination time 7, due
to intravalley and intervalley optical phonon scattering in graphene
is plotted as a function of the electron and hole densities (assumed
to be equal) for different temperatures.

for different temperatures. Figure 6 shows the recombination
time 7, plotted as a function of the temperature for different
carrier densities. It can be seen that for carrier densities
larger than mid 10" cm™ the recombination times are
shorter than 10 ps even at low temperatures.

Another important quantity for device applications is the
minority carrier recombination time in doped (chemically or
electrostatically) graphene. Assuming electrons to be the mi-
nority carrier, Figs. 7 and 8 plot the minority carrier average
recombination times due to phonon scattering as a function
of the minority carrier density for different temperatures. The
majority carrier density is assumed to be 10'> cm=2 (Fig. 7)
and 10"® cm™? (Fig. 8). The temperature dependence of the
minority carrier lifetime is seen to depend on the majority
carrier density. For small majority carrier densities, the mi-
nority carriers near the Dirac point cannot recombine and
therefore the minority carrier lifetime decreases with tem-
perature. For large majority carrier densities, the minority
carriers near the Dirac point can recombine very fast and
therefore the minority carrier lifetime increases with tem-
perature. Figure 8 shows that the minority carrier recombi-
nation times can be shorter than 1 ps for highly doped
graphene. For large majority carrier densities, the minority
carrier lifetime for small minority carrier densities and low
temperatures follows from Eq. (12) and equals 7.(E=0)
(=0.34 ps).

—y
o

Increasing
carrier
density

e
o

e
o

e
o

e
o

©

Recombination Time T, (ps)
)

1 2 3
10 Tempe:gtu re (K) 10

FIG. 6. (Color online) Electron-hole recombination time 7, due
to intravalley and intervalley optical phonon scattering in graphene
is plotted as a function of the temperature for different electron and
hole densities (assumed to be equal).

PHYSICAL REVIEW B 79, 115447 (2009)

, (ps)

-
°—l

o| Increasing T
T=10, 100, 200, 300, 400K

9 10 11 12

1 1
Minority Carrier (Electron) Density (cm'z)

-
o

Minority Recombination Time t

FIG. 7. (Color online) Minority carrier (electron) average re-
combination times due to intravalley and intervalley phonon scat-
tering are plotted as a function of the minority carrier density for
different temperatures. The majority carrier (hole) density is as-

sumed to be 10'2 cm™2.

Recently, electron-hole recombination rates in graphene
were measured using ultrafast optical-pump and terahertz-
probe spectroscopy.'® Figure 9 shows a comparison of the
experimental data with the present work. Figure 9 plots the
calculated net recombination rate, defined as R-G, due to
interband phonon scattering as a function of the electron and
hole densities (assumed to be equal) at 7=300 K. Also
shown are the best fits to the measured time-resolved data
from George et al.'® The theory compares well (within a
factor unity) with the experiments. The measured rates are
between 2.0-2.5 times faster than the calculated rates. This
difference is likely due to the exclusion of other recombina-
tion mechanisms in calculating the rates plotted in Fig. 9. For
example, Coulomb scattering (Auger recombination)>? and
plasmon emission’ can also contribute to electron-hole re-
combination. In particular, Auger recombination rates calcu-
lated by Rana?® are of nearly the same magnitude as the
phonon recombination rates shown in Fig. 9 for carrier den-
sities in the 10" —10'> cm™ range. In addition, the presence
of disorder can also enhance recombination rates, as was
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FIG. 8. (Color online) Minority carrier (electron) average re-
combination times due to intravalley and intervalley phonon scat-
tering are plotted as a function of the minority carrier density for
different temperatures. The majority carrier (hole) density is as-

sumed to be 103 cm™2.
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FIG. 9. (Color online) The calculated net recombination rate,
defined as R-G, due to interband phonon scattering is plotted as a
function of the electron and hole densities (assumed to be equal)
along with the experimental data from George et al. (Ref. 16) T
=300 K.
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experimentally observed by George et al.,'® by providing the
additional momentum needed to satisfy conservation rules in
interband scattering processes which would otherwise be
prohibited.
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