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Electron-electron (e-e) interaction is known as a source of logarithmic renormalizations for Dirac fermions
in quantum field theory. The renormalization of electron-optical phonon coupling (EPC) by e-e interaction,
which plays a pivotal role in hot carrier and phonon dynamics, has been discussed since the discovery of
graphene. We investigate hot carrier dynamics and EPC strength using time-resolved ultrabroadband terahertz
(THz) spectroscopy combined with numerical simulation based on the Boltzmann transport equation and a
comprehensive temperature model. The numerical simulation demonstrates that the extrinsic carrier scatterings
by the Coulomb potential of the charged impurity and surface polar phonons are significantly suppressed
by the carrier screening effect and have negligible contributions to the THz photoconductivity in heavily
doped graphene on polyethylene terephthalate (PET) substrate. The large negative photoconductivity and the
non-Drude behavior of THz conductivity spectra appear under high pump fluence and can be attributed to
the temporal variation of the hot carrier distribution and scattering rate. The transient reflectivity well reflects
the EPC strength and temporal evolution of the hot carrier and optical phonon dynamics. We successfully
estimate the EPC matrix element of the A| optical phonon mode near the K point as (D%()F ~ 450 (eV/A)2
from the fitting of THz conductivity spectra and temporal evolution of transient THz reflectivity. The cor-
responding dimensionless EPC constant Ag &~ 0.09 at Fermi energy ¢g = 0.43 eV is slightly larger than the
prediction of the renormalization group approach including the dielectric screening effect of the PET sub-
strate. This leads to a significant difference in hot carrier and phonon dynamics compared with those without
the renormalization effect by the e-e interaction. This approach can provide a quantitative understanding
of hot carrier and optical phonon dynamics and support the development of future graphene optoelectronic

devices.
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I. INTRODUCTION

Hot carrier effects are regarded as insightful in studying
many-body interactions in condensed matter and play a cru-
cial role in the operation of electronics and optoelectronic
devices. For this reason, they have been investigated exten-
sively in both metals and semiconductors [1,2]. The rise of
graphene offered new opportunities for this research field be-
cause the carriers thereof are two-dimensional (2D) massless
Dirac fermions (MDFs) with a linear energy dispersion. This
fact has promoted graphene as an attractive platform for hot
carrier physics and various applications [3-23]. Electron or
hole relaxation mainly involves nonradiative electron-electron
(e-e) and electron-phonon scatterings, depending on the ex-
citation energy. Electron-electron interaction is dominant at
high energy, redistributes the electrical or optical power within
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the electron gas, and builds up a hot carrier population.
Electron-phonon interaction operates on a longer time scale to
equilibrate the electron and phonon temperatures and to cool
the hot carriers [24].

Hot carrier effects play a significant role in the
optoelectronic properties of photoexcited graphene, in which
the photocarriers are excited at high energies. The subsequent
relaxation drives the working efficiency of optoelectronic
devices. In this respect, spectroscopic investigations such
as pump probe spectroscopy [25] and angle-resolved pho-
toemission spectroscopy [26,27] of hot carriers complement
transport studies. Optical pump terahertz (THz) probe spec-
troscopy (OPTP) is a powerful tool for investigating the hot
carrier dynamics of graphene because it probes the intraband
optical conductivity dominated not only by the hot carrier dis-
tribution but also by the carrier-scattering process in contrast
to optical pump optical probe spectroscopy. Extensive studies
using OPTP [28—41] have revealed the unusual behaviors of
graphene hot carriers, which undergo positive and negative
changes in the intraband optical conductivity with non-Drude-
type frequency dependence. The negative change observed
in heavily doped graphene is indicative of enhanced carrier
scattering and reduced Drude weight in a quasiequilibrium hot
carrier state with a single chemical potential owing to ultrafast
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recombination of photoexcited carriers. However, most of
these works were performed by THz probe with a relatively
narrow band (1-3 THz), which was not sufficient for capturing
the whole spectrum of non-Drude-type conductivity, and
their results have been interpreted using the framework
of the phenomenological model [31,33,36,37,40]. Such a
phenomenological analysis for the narrowband spectra is not
sufficient to understand the hot carrier and phonon dynamics
quantitatively and to derive the microscopic parameters.
Theoretical studies have been conducted by incorporating the
microscopic theory based on the density matrix formalism
[41] or Boltzmann transport equation (BTE) [42,43].

The electron-optical phonon coupling (EPC) strength is
a crucial factor that makes it difficult to understand the hot
carrier and phonon relaxation process by numerical studies.
Density functional theory (DFT) calculations demonstrated
that only three strongly coupled optical phonon (SCOP)
modes contribute significantly to the inelastic carrier scat-
tering in graphene [44,45]. The first two relevant modes
are associated with the G peak of the Raman spectrum and
the highest optical branches at I' (the E,, mode) with an
energy of liwor = 196.0 meV, which split into an upper lon-
gitudinal optical (LO) branch and a lower transverse optical
(TO) branch near I'. Owing to their long wavelengths, these
phonons scatter electrons within one valley. Moreover, it is
essential to take into account the highest optical branch of
the zone boundary phonon /iwg = 161 meV at the K point
(the A} mode). This mode is responsible for intervalley pro-
cesses and associated with the D and 2D peaks of the Raman
spectrum. In Refs. [44,46—48], the EPCs (D%)F for dominant
optical phonon modes n (I'Lo, I'to, K) were defined as the
average on the Fermi surface of the matrix element |DZk,vk/|
of the Kohn-Sham potential, differentiated with respect to the
phonon displacement. The EPC for LO and TO modes at
the T point had (D%)r = 45.6 (eV/A)?, which was in good
agreement with experimental results [49]. However, the EPC
value at the K point has been debated [47,49-52] because it
is renormalized by the e-e interaction and is affected by the
presence of the substrate owing to the dielectric screening
effect [53]. The amount calculated by DFT with the gen-
eralized gradient approximation was (D%()p =92.0 (eV/A)?
[44]. However, a Hedin’s GW approximation (GW) calcula-
tion, which considers the e-e interaction by approximating
the self-energy using the product of the Green’s function and
screened Coulomb potential, but neglects the vertex correc-
tions, yielded (D%()F =193 (eV/A)2 [47,54,55].

In this paper, we investigate the hot carrier dynamics
in photoexcited heavily doped graphene on a polyethylene
terephthalate (PET) substrate using an OPTP and estimate the
EPC strength at the K point via a numerical simulation based
on the combination of BTE and a comprehensive temperature
model [43]. Owing to the small change in the Drude weight
of heavily doped graphene and the negligible contribution of
charged impurities and surface optical phonons (SOPs) of
the PET substrate, the rise and relaxation dynamics of the
SCOP are effectively captured by the transient THz reflectiv-
ity change measured by ultrabroadband THz probe. Using the
renormalization group analysis, the obtained dimensionless
EPC at the K point is discussed and compared with those
determined by other techniques.

II. SIMULATION METHOD AND RESULTS

In this section, we present a numerical simulation of the
THz conductivity and the transient THz reflectivity measured
by the OPTP experiment according to the following proce-
dures. After photoexcitation, photoexcited carriers are quickly
recombined, and their energy is redistributed within the elec-
tron gas forming a hot carrier state in quasiequilibrium with a
single chemical potential. A number of cooling pathways for
hot carriers by inelastic scattering have been proposed such
as SCOPs [41,56,57], acoustic phonons [58—61], and SOPs of
the substrate [62]. As we will explain later, the contribution of
the SOP and its coupled mode with plasmons can be neglected
by selecting the substrate with low polarizability and small
phonon energy hiwso [63-65]. The effect of acoustic phonons
on hot carrier cooling is considered by the supercollision
process, and the acoustic phonon occupation is assumed to
remain unchanged from the equilibrium state in the picosec-
ond time scale after photoexcitation [27]. Therefore we use
a comprehensive temperature model to calculate the temporal
evolution of the temperature for hot carriers in quasiequilib-
rium and the occupations for three dominant SCOP modes.
Thereafter, the iterative solution of the BTE [43] is used to cal-
culate the intraband complex conductivity of the hot carriers
in the THz region. Because interband transition is forbidden at
a THz probe energy of fiwty, < 2¢r, the THz conductivity of
doped graphene is dominated by the intraband transition. This
scheme enables us to reduce the computational cost substan-
tially compared with the calculation of the full solutions of the
coupled graphene Bloch equation and BTEs for hot carriers
and hot phonon modes in 2D momentum space.

A. THz conductivity calculation

The iterative solution of the BTE for obtaining the steady-
state and dynamical conductivity of semiconductors was
introduced in Refs. [66,67] and was subsequently modified
for 2D MDFs in graphene [43]. The temporal evolution of
the carrier distribution is described by the BTE under a time-
dependent electric field, which is expressed as

dfitk,t) _(_e)E(t)afA(kat) + dfok,t)
a  h ok ot '

ey
Here, f; (k, t) is the electron distribution function for the con-
duction band (AL = 1) and valence band (A = —1), k is the
wave vector of the carriers, e is the elementary charge, and
E (1) is the electric field of the THz probe pulse. d f; (k, t)/0¢|.
is the collision term that describes the change in the distribu-
tion function via carrier scattering.

We consider the intrinsic carrier-scattering mechanism by
the optical and acoustic phonon modes [68—77] and the extrin-
sic mechanism by the charged impurities [68,69,78-80] and
weak scatterers [70,71,81-86]. For spherical bands under a
low field E, the general solution of Eq. (1) is approximately
provided by the first two terms of the zone spherical expan-
sion.

flk,t) = folew) + g(exk, t) cos o, (2

where  fo(exx) = 1/[expf{len — w(Te)l/ksTe} + 11 is  the
Fermi-Dirac distribution for the corresponding equilibrium
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electron distribution at the electron temperature T7,.
e = Thuglk| (e;x > 0 and e_1; < 0 for the conduction
and valence bands, respectively) is the electron energy
within the Dirac approximation of the graphene energy-band
structure [87], and vg is the Fermi velocity. In this expression,
w(T,) is the temperature-dependent chemical potential of the
2D MDFs [36,79,88] [illustrated in Fig. 3(a)l. g(eak,t) is
the perturbation part of the distribution, and ¢y is the angle
between E and k.
In Eq. (1), the collision term is given by

dfrlk, 1)
dt

= ClL(k) + C(k), 3)

C l’],)\’

while accounting for the scattering of the electrons with
dominant optical phonon modes 7, in C;,, including both
the intraband (A = A’) and interband (A # 1) processes with
elastic scattering processes in CS'(k). The carrier collision
term C;]w(k) for the interaction of the electron and optical

phonons is expressed as

Clo) =Y Pl S K)[1 = (k)]

"
— Plone L B[ — f/\'(k/)]}, 4)

where P}, ,, and P}, are the transition rate by the opti-
cal phonon modes, 7, between states (k’, A") — (k, 1) and
(k, ) — (K, /), respectively. P, .., is expressed by
n _ pEMp AB,n
P = P + P ®)
which accounts for the phonon emission and absorption, given
by

n
PEM/AB.y _ T |DAkA/k’

? 11
MK paw, A\ to+3

X 8(exk — &y F hwy)8k —k' T ¢q).  (6)
Here, |D”

e | 18 the EPC matrix element defined in Ref. [44],
k' =k 4 ¢, and ¢ is the wave vector of the optical phonons.
p =7.6 x 1077 kg/m? is the area density of graphene, and
A is the area of the graphene sample, whereas w, and n,, are
the angular frequency and occupation of the optical phonons,
respectively.

The carrier-scattering rates that are obtained by the op-
tical phonons in Eq. (6) account for the phonon emission
and absorption. For small ¢ and k’, the EPC matrix elements
D" ,|? for the T o, I'to, and K phonons are expressed by

MK
[44,89]

T'io/To 12
D, 0| = (DR){1 £ cos(Org + Op )}

2 , 7
Dy = <DK)F{1 + cos O i}

Here, 6 4 denotes the angle between k and ¢, 6y 7 denotes the
angle between k" and ¢, and 6; ;' denotes the angle between k
and k’. In the case of I' o and K phonons, the plus sign refers
to the interband processes, and for I'rg phonons, it refers to
the intraband processes.

In Eq. (3), the elastic term Cfl(k) is calculated using
the elastic scattering rate P; [43]. The index, s, refers

KAk
to the different elastic scattering modes by weak scatterers,

and charged impurities, which are characterized by resistivity
of the weak scatterers ps, and charged impurity concen-
tration n;, respectively. The reported p; ranges from 40 to
100 € [70,71,85,86]. Interactions with acoustic phonons
are treated as quasielastic and included in C¢!(k). Different
electron-acoustic phonon coupling models have been pro-
posed to extract the effective coupling constant J, from
experimental data for graphene, which ranges from 10 to
30 eV [71,72,74-76,82,90-99]. A first-principles study sug-
gests that the gauge-field contribution is more important than
the screened deformation potential [100,101].

The iterative solution of g/(&;x) = g(&s, ¢ ;) is provided by

S - CaElih 1 g

(3)
S;ut + Uel + Qs

g em) =

Here, E/ = |[E(t;)| and k = |k| are the magnitudes of the
electric field and wave vector, respectively. Qg is known
as the self-scattering rate, and 1/€2 is the time increment
between successive iterations; Sf\“ and S‘x’Ult are the net in-
and out-scattering rates for inelastic scattering, respectively.
Furthermore, v®' is the total relaxation rate by the elastic scat-
tering mechanisms. The sequence {g/(exx)} vields fi(k, 1)
versus time when €2 is sufficiently large compared with
S 4 ve .

B. Temperature model of hot carriers

The hot carrier intraband optical conductivity o (w, 71) in
the cooling process can be calculated from f; (k, ¢;), which is
obtained by substituting the hot carrier and three dominant
optical phonon temperatures [7,(¢;), T,(t;)] into Eq. (8) in
the iteration process. Here, 7| is the pump probe delay. We
employ coupled rate equations for a comprehensive temper-
ature model that describes the temperature evolutions of the
electron temperature 7, and optical phonon occupations n, by
photoexcitation:

dT, Ty — Z'l erjetha),, — Jic

= . 9
dt C ©a)
dny Net  Tlqp — 7o
o N — 9b
dt M. Tph ( )

In this case, Z, represents the pump intensity absorbed in
the graphene sample during laser irradiation, considering the
multiple reflections inside the substrate with dielectric con-
stant € (wpymp) = 2.4 for the pump wavelength and saturable
absorption (SA) effect in graphene. C is the sum of the specific
heat of the electrons in the conduction and valence bands,
R};’e‘ = R, — G, denotes the total balance between the optical
phonon emission and absorption rate, and J. indicates the
energy loss rate for the supercollision (SC) carrier-cooling
process [59,102]. R}If,,"’il = Rm,, — Gwm,, denotes the total bal-
ance between the optical phonon emission and absorption rate
per number of phonon modes that participate in the carrier
scattering. In calculations of Ryet and R}:‘ﬁ], we include the

scattering angle dependence of the |D:k. i | in Eq. (7), which
was not been considered in the temperature model used in
the previous study [43,102-104]. Moreover, n,o represents
the phonon occupation near the I' and K points, respec-

tively, in equilibrium at room temperature, whereas Tty is the
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phenomenological optical phonon decay time to other phonon
modes via the phonon-phonon interaction caused by lattice
anharmonicity [105]. The effective optical phonon tempera-
tures are calculated by inverting the Bose-Einstein distribution
function, n, = 1/(e"/*% —1). The formula and tempera-
ture dependence of C, erjet, Jee, and R,I;If; can be found in
Ref. [43] and Appendix C.

The optical pump pulse is absorbed by the interband transi-
tion, and the absorption coefficient for freestanding graphene
at the normal incidence is ®jper = T = 0.23% under suffi-
ciently weak pump conditions, where « is the fine structure
constant. However, the SA effect in graphene under the in-
tense pump fluence [108—111] should be considered. The
SA is a nonperturbative, nonlinear optical phenomenon that
depends on the pump power as well as the temperature and
Fermi energy. Based on the theory given by Marini et al.
[111], we derived the formula of Z,, considering the SA and
multiple reflections inside the substrate at the oblique angle of
incidence for the temperature calculation in the experimental
condition (see Appendix D):

Tap(t) = To(OAs + Y L,(t + nAT)A;,  (10)

where Zy(t) is the envelope function of the incident pump
pulse, which is assumed to have hyperbolic secant form,
Zo(t) = (Fo/27pump) sechZ(t /Tpump)- In this case, Iy is the in-
cident fluence, and 27y is the pump pulse duration. Z,(t +
nAT) = (F,/2%pump) sech?[(r + nAT)/Tpump] represents the
pump pulse by the nth multiple reflection of the incident pump
pulse inside the substrate, where F; is the fluence and nAT is
the round-trip time for the nth reflection pump pulse in the
substrate. A‘fj*(Fo /2%oump) 1s the absorption coefficient includ-
ing the carrier temperature dependence of the SA effect at the
interface of layer i/graphene/layer j when the pump pulse
excites the graphene from layer i (see Fig. 10 of Appendix
A). In this model, the SA is characterized by the inelastic
carrier relaxation time ;.. [The pump intensity dependence of
the interband absorption coefficient ajp, for the freestanding
graphene and A%*(FO /2%Toump) for the graphene on the substrate
can be seen in Figs. 11 and 12 of Appendix D.]

C. Simulation for graphene on PET substrate

In the simulation, the carrier scattering by SOPs of the
substrate is not included, whereas the SOPs play crucial roles
for the carrier dynamics in graphene on a polar substrate
[91,112-116]. The square of the EPC matrix element between
a SOP and a carrier is proportional to

e~

SO .
q+qs

g (11)

Here, gso = Be*hwso/2€0, wso is the angular frequency of
the SOP, g is the permittivity of the vacuum, and d is the
equilibrium distance of the graphene sheet from the substrate
surface. g is the angular wave number of the surface phonon,
g5 is the Thomas-Fermi screening constant of the 2D carriers,
and

€5 — €c0

P = e et )

12)

where € and €4, are the low- and high-frequency dielectric
constant, respectively. f is a measure of the polarizability of
the dielectric interface.

For example, in crystalline SiO,, (e; = 3.9, €, = 2.5) has
two SOP modes at fiws; = 60.0 meV and hwy, = 146.5 meV,
with ) = 0.025 and B, = 0.062, respectively. These values
correspond to gsor = 0.14 eVZ/A and gsor = 0.82 eVZ/A
and are enhanced by roughly 50% in conventional SiO, glass
with €, = 2.1. As a result, the temperature dependence of
carrier transport is dominated by SOP scattering in graphene
on polar substrate such as SiO, and HfO, [91,114]. The en-
ergy loss rate of the hot carrier by SOP modes is given as
Rgg & gsohwso so that the large hwso also affects the hot
carrier dynamics significantly. The dispersion relation of SOP
modes can be altered by the coupling of the plasmon and
SOP in doped graphene. These effects change significantly the
hot carrier dynamics and make the simulation more complex
leading to hindering the estimation of EPC at the K point.

Therefore, in this paper, we select a graphene sample on
a PET substrate which has the low polarizability (e, = 3.0,
€00 = 2.54) owing to the polar low-frequency vibrational
modes around 10 meV [106]. The gso = 0.029 eV2/A of PET
is small and decreases significantly in doped graphene by the
carrier screening effect. The RYS' between carriers and SOP
of PET is expected to be smaller by three orders of magnitude
than SiO, and makes a negligible contribution to hot carrier
cooling and THz conductivity. Furthermore, the small static
dielectric constant €, = 3.0 of a PET substrate provides weak
dielectric screening with an expected larger renormalization
effect on the EPC by e-e interaction [53].

The transient reflection change AE.(ty)/Ey of graphene
on PET substrate with the dielectric constant €(wry,) = 2.5
in THz region can be calculated from o (w, 7). (For details,
see Appendix E.) In this case, AE.(t;)/Ey is defined as
AE.(11)/Ey = [E/(12, T1) — E:(12)]/E:(12) at the probe trig-
ger delay 7, = 0 ps when the electric field of the THz probe
pulse exhibits the maximum amplitude (as seen in Fig. 5).
E.(1y,71) and E.(1p) are the THz electric fields that are
reflected from the graphene with and without photoexcita-
tion, respectively. AE.(t;)/Ey is useful for discussing the
hot carrier relaxation and photoconductivity, Ao (w, T;) =
o(w, 11) — 0p(w), around the center frequency of the THz
probe pulse, where oy(w) is the intraband optical conductiv-
ity of graphene without pump fluence. AE.(t;)/Ey > 0 and
AE.(t1)/Ey < 0 indicate the positive and negative photocon-
ductivities, Ao (w, T1), respectively.

We investigated the effect of the EPC on the hot carrier
dynamics of photoexcited graphene on the PET substrate
for different Fermi energies eg. The parameters used in the
simulation are summarized in Table I. Figures 1(a) and 1(b)
depict the temporal evolutions of 7, and T, in the heavily
doped graphene with |eg| = 0.43 eV for (D%()F = 193 and
703 (eV/A)? under the pump fluence Fy = 100 pJ/cm? cal-
culated using the temperature model. In this case, (D}) is
fixed at the DFT value because the EPC of the I't 9,10 phonon
is not affected by the e-e interaction and well agrees with the
experiment [49]. The difference of Tt,, and Tr,, stems from

the scattering angle dependence of |DL§\)//;‘,)|2 in Eq. (7). A

comparison between Figs. 1(a) and 1(b) reveals that the rise
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TABLE I. Parameters of graphene on PET substrate and experi-
mental setups used in the simulation. The dielectric properties of the
PET substrate were obtained from Refs. [106,107].

Quantity Lightly doped Heavily doped
leg| (V) 0.15 043
vE (m/s) 1.1 x 108

€ 3.0

E(C()THZ) 2.5

€(Wpump) 2.4

J.* (eV) 30, 20 30,20
(D3, eV/A)? 45.6

(D% ). (eV/AY 92.0~703

ps () 100

n? (10" cm™2) 0,0.17 0,1.7
04.(Gp) 25.5,25.5 25.7,25.9
Ton (PS) 1.0

Tie (fS) 100

Fy (uJ/cm?) 100

2Tpump (fs) 220

2Tprep (fs) 300

#The J, and n; values were chosen to give nearly equal dc conductiv-
ity ogc.

and relaxation dynamics of the hot carrier and optical phonon
temperatures depend significantly on (D%)r. At (D%)r = 703
(eV/A)?, Tk followed T, more rapidly and increases up to
1800 K, much higher than Tty 10 indicating that substan-
tially more hot carrier energy is mainly transferred into the
K phonon owing to the stronger EPC. As a result, the max-
imum 7, for (D%()F =703 (eV/lo%)2 becomes lower than that
for (D% )r = 193 (eV/A)?. Figure 1(c) presents the (D¥)r
dependence of the transient reflection change AE.(71)/Ey
calculated from the o (w, t1) using the THz probe pulse with

2000 —(a) <DZ>¢=193 (eV/A)? 0.00

T
_IrLo 005t <DZ>; (eV/AY ]
70 92.0
1000} — ——193

-0.10 —325
——496

703

-0.15¢

' ' '
<D%>¢=703 (eV/A)?
T,
—Tho

AE (),

N
=}
s}
s}

—~

O
~

0.00

Temperature (K)
o

e

Tl‘TO

1000 005 <Dg>:=193 (eV/AY |
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—17

0 I I I I -0.10 I I I I
2 4 2

0 6 0 4 6
Pump-probe delay 1, (ps) Pump-probe delay 1, (ps)

FIG. 1. Simulation results of heavily doped graphene with |ef| =
0.43 eV for Fy = 100 puJ/cm?. Temporal evolutions of 7, and 7,
for (a) (D%)r = 193 and (b) (Dk)r = 703 (eV/A). (0 (D% ) de-
pendence of AE.(t1)/E, of graphene calculated using temporal
waveforms of the THz probe pulse expressed by the second deriva-
tive of the Gaussian function exp(—#*/7,,,,) with pulse durations of
2Tpump = 300 fs. (d) AE,(11)/Ey at (D¥)r = 193 (eV/A)Y forn =0
and 1.7 x 10" cm™2,

@@ T <D=19seVAY | 0.0s}(C) <Dir (eVIAY
2000 T, 1 92.0
— o ——193
T —325
Trro 0.00 — 496
1000 - K ——703
<
® g
=] = -0.05
© 0=+ t t t £ t t t t
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0
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FIG. 2. Simulation results of lightly doped graphene with |ez| =
0.15 eV. Temporal evolutions of T, and 7;, for (a) (D¥)r = 92.0 and
(b) (D%()F =703 (eV/A)2 for Fy = 100 uJ/cmz. (c) (Dlz()F depen-
dence of AE,(t,)/E, of graphene. (d) AE,(1)/Ey at (Dfi)F =193
(eV/A)? forn; = 0and 0.17 x 102 cm™2.

27, = 300 fs. The sign of AE,(7)/E, remains negative indi-
cating the negative photoconductivity as varying the <D%(>F.
The peak value of |AE:(t;)/Eyp| increases monotonically as
(D%() r increases and effectively reflects the enhancement of
Tx.

Figure 2 depicts the simulation results on the lightly doped
graphene with |eg| = 0.15 eV. Although the same phonon
decay time 7, = 1 ps is used, the relaxation time of 7, of
the lightly doped graphene is longer than that of the heav-
ily doped graphene owing to the weaker Rl,;‘et originating
from the small density of states at the Fermi energy eg. The
sign of AE,(t1)/Ey indicated in Fig. 2(c) changes depending
on (D%()F in contrast to the heavily doped graphene. For a
small (D%()p =92.0 (eV/A)z, AE.(11)/Ey exhibits positive
photoconductivity, which is transformed into negative photo-
conductivity as (Df()p increases.

The different behaviors in AE,(t;)/E( between the heavily
and lightly doped graphene can be understood by considering
the temperature dependence of the Drude weight D(T,) of the
graphene 2D MDF, which is the oscillator strength of free
carrier absorption and plays a crucial role in carrier screening.
As can be observed in Fig. 3(a), the chemical potential w(7,)
of graphene 2D MDF decreases with T, leading to the unique
temperature dependence of D(T,) according to eg [36,117—
119]. In the case of a constant carrier relaxation rate, D(T,) of

3 . ~& ] _.[© . : :
1_0( ) F 115 (b)
[) \//
£
Sof ]
By
18
< 5t £ (V)
= 0.01
= ——015
0o} 2 ok . ——0.43]
0 1000 2000 3000 0 1000 2000 3000

T (K) Te (K)

FIG. 3. T, dependence of (a) chemical potential wu(7,) and
(b) Drude weight D(T,) of graphene with ¢z = 0.01, 0.15, and
0.43 eV.
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2D MDF in equilibrium is analytically expressed as

2¢? u(T.)
D(T,) = ?kBTe In |:2 cosh (m)} (13)

The Drude weight of hot carriers exhibits a strong frequency
dependence due to the variation in the carrier distribution
and scattering rate during THz probing [43]. In our experi-
mental setup, the AE,(t;)/Ey measured using the broadband
THz probe reflects the averaged Drude weight, which is pro-
portional to D(T,) in Eq. (13). The D(T,) of the undoped
graphene with |eg| = 0.01 eV in Fig. 3(b) increases linearly
with T,, yielding positive photoconductivity. However, D(T,)
of the heavily doped graphene with |eg| = 0.43 eV decreases
slightly as 7, increases and exhibits the minimum at around
T, = 2000 K, contributing to the negative photoconductiv-
ity below T, = 3000 K. At temperatures below 3000 K, the
maximum change in D(7,) is only 13%, and the temperature
dependence of THz conductivity change is mainly dominated
by the carrier scattering with the SCOPs. In the lightly doped
graphene, D(T,) exhibits its minimum value at around 7, =
750 K and increases significantly above 7, = 1000 K. The
contributions of D(T,) and the carrier scattering with SCOPs
to the photoconductivity compete with each other, resulting in
either positive or negative photoconductivity, depending on 7,
and (D%()p. A similar behavior has been reported in Ref. [36].

We also investigated the effect of the charged impu-
rity on the hot carrier dynamics in the heavily and lightly
doped graphene because the charged impurity is one of the
dominant scattering mechanisms in graphene on substrate
[68,69,78,91]. Here, the effective coupling constant J, of an
acoustic phonon is selected so that the dc conductivity is
almost equal as shown in Table I. Figure 1(d) shows that
the AE;(t1)/Ep of the heavily doped graphene is almost un-
affected by charged impurity scattering owing to the strong
carrier screening effect. However, the AE.(t;)/Ep of the
lightly doped graphene in Fig. 2(d) changes significantly in
the presence of the low charged impurity concentration n; =
0.17 x 10'> cm~2. The carrier-scattering rate by charged im-
purities increases (decreases) for 7, < 1000 K (7, > 1000 K)
due to the change in the carrier screening effect; this leads to
a higher positive peak with charged impurities. Therefore the
information of the accurate charged impurity concentration
is required to derive the (D%)r from AE,(t1)/Ey of lightly
doped graphene. These findings indicate that heavily doped
graphene is suitable for the determination of (Dg)r from
AE (11)/Ep.

III. EXPERIMENTAL RESULTS

The graphene sample (Graphene Platform) that was ex-
amined in this study was prepared using chemical vapor
deposition. The single-layer graphene (area: 10 x 10 mm)
was transferred to a PET substrate. Raman scattering mea-
surements confirmed the single-layer thickness of the sample
and their low defect density. The equilibrium THz con-
ductivity of the sample at room temperature (7 = 295 K)
was characterized by ultrabroadband THz time domain spec-
troscopic ellipsometry (THz-TDSE) (see Appendix A for
details), which enabled the broad Drude peak to be captured
directly by measuring the ratio of the reflection coefficient

1.0 . . . 25
(a) (ro/rs) (b) .
05} e Re 1 20F Drude model fit |
cmo1 Sast ° o)
fn. 0.0 c >3\ ° o))
b‘ P ¢ < 10} ]
oo 1 st Nl
1.0 L L L 0 L L h
0 5 10 15 20 0 5 10 15 20

Frequency o/2r (THz) Frequency w/2n (THz)

FIG. 4. (a) (rp/rs) of graphene at equilibrium measured by THz-
TDSE. (b) o(w) at equilibrium. The dashed curves are the fitting
curves of the simple Drude model.

p(w)/rs(w) in the frequency range between 1.0 and 20 THz
[120], as illustrated in Fig. 4. The fitting of the THz con-
ductivity spectrum obtained from ry(w)/rs(w) by the Drude
model allows us to determine the Drude weight Dy and carrier
relaxation rate 'y for the equilibrium state at room tem-
perature Ty = 295 K accurately. We estimated Dy = 1.36 x
103Gy and I'y = 21.4 meV, respectively. Here, Gy = 2¢*/h is
the quantum conductance. The corresponding Fermi energy is
lep] = 0.43 eV, indicating that the sample is heavily doped
and suitable for estimating the EPC strength. The carrier
concentration n. at 7, = 0 K and the dc conductivity at Tj
were estimated as n. = 1.1 x 103 cm™2 and oy, = 20G,
respectively, where we used vg = 1.1 x 10° m/s considering
the carrier and dielectric screening effect in heavily doped
graphene on PET substrate [121]. Figure 5(a) presents the
optical setup of the reflection-type OPTP used in the exper-
iment. Amplified femtosecond laser pulses (1 kHz repetition
rate, 785 nm center wavelength) are used to generate ultra-
broadband THz probe pulses from laser-excited air plasma
[122]. The s-polarized pump pulses with a pulse duration of

@ .

ﬁ 10F(b)
v Fo (n/cm?)

Pump THz probe : 50

— 100

——200
——Ref.
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)

0.5

THz field (3, v.)

Trigger
T2 Graphene
on PET sub.

Qi
HY SHG -0.5p . . . 1
500 Hz[ pyr 10 05 00 05 1.0

Probe trigger delay t, (ps)

THz field (a
o
o

B

= 0.9 g

X 08 =
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g 02 w )

T 01 <.0.05f { 1
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o 2 4 & 8 o 2 4 6
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FIG. 5. (a) Schematic of reflection-type OPTP setup. Pump,
pump pulse; Trigger, trigger pulse; SHG, second-harmonic genera-
tion; HV, high voltage; PMT, photomultiplier tube; sub., substrate.
(b) Temporal waveforms of THz probe pulse measured at 7; = 0.1
ps. (c) Frequency dependence of [ri(w, 71)/rs(w)] at 7y = 0.1, 3.1,
6.6, and 8.6 ps at F, = 200 pJ/cm?. (d) Pump fluence dependence
of AE(T] )/Eo

043143-6



HOT CARRIER DYNAMICS AND ELECTRON-OPTICAL ...

PHYSICAL REVIEW RESEARCH 3, 043143 (2021)

0.00 o PO
-0.02
Fo=50 pJ/cm
-0.04 Tpn=0.3 ps
®) t t t t t <Dﬁ>F (eV/A)Z
0.00 [ e ——920
o ,// j—19
Y o002} \n 325
ui -0.04} J——703
< F,=100 pdicm? 946
-0.06 | Tph=045ps ] Exp.
(© '
0.00 \
-0.02} R\\
-0.041 / ) / F,=200 pdicm? ]
-0.06 | \ XS ©n=0.57 ps
\/
0 1 2 3 4

Pump-probe delay 1, (ps)

FIG. 6. Comparison of AE.(t;)/E, between experiment and
calculations for different EPCs for pump fluence (a Fy = 50,
(b) Fy = 100, and (c) Fy = 200 1J/cm?. The red open circles rep-
resent the experimental AE.(t;)/Ey. The solid curves correspond
to the AE,(1))/Ey calculated using (D%)p = 92.0 (DFT, black),
193 (GW, red), 325 (green), 450 (magenta), 703 (dark blue), and
946 (light blue) (eV/A)z, respectively, under the maximum Jg
condition.

220 fs are loosely focused and excited the graphene sample at
an incident angle of & = 60°, and the created hot carrier state
was probed by s-polarized THz pulses with a pump probe time
delay ;. The temporal waveforms of the reflected THz probe
pulses are measured by air breakdown coherent detection,
which detects the second-harmonic generation of the trigger
pulse induced by the THz electric field [123]. Figure 5(b) de-
picts the temporal waveforms of the THz probe pulse reflected
from the photoexcited graphene. When the pump fluence is
increased, the peak amplitude of THz probe decreases slightly,
indicating negative photoconductivity. The ratio of the reflec-
tion coefficient r/(w, 7;)/rs(w) of graphene with and without
pump fluence Fy = 200 uJ/cm? calculated by Fourier trans-
formation of the THz waveforms at different 7; values, as
plotted in Fig. 5(c), decreases and then recovers to equilibrium
reflecting the rise and subsequent relaxation process of the
hot carrier dynamics, and this was used for the calculation of
o(w, 11) (see Appendix B for details). Figure 5(d) presents the
fluence dependence of AE;(t;)/Ey, which exhibits multiple
negative peaks around t; = 0.2, 1.4, 2.3 ps owing to the mul-
tiple reflections inside the PET substrate. As Fp increases, the
peak height AE.(t)/E, increases, but it exhibits saturation
behavior with an increased relaxation time.

To determine the EPC constant (D%()p, we compared the
experimentally determined AE.(t;)/Ey with the correspond-
ing calculation; we assumed the minimum and maximum
energy loss rates Jy in the defect-induced SC carrier-cooling
process because the SC and the optical phonon emission dom-
inate the hot-carrier-cooling process. Figures 6(a)—6(c) depict

: ;
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T

(b) Fo=100 pJicm? {o
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=
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£ ..
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S / Fy=200 pJ/
Q r / _---U ----- lf“Cm 1 %
= — -2 920
3 ST ceeeaan —---- 103
St ;;f‘ﬁ_\ ______ {——--- 450
P SR Tt T 703

0 4 6 8
Frequency o/2n (THz)

2 4 6 8
Frequency o/2n (THz)

FIG. 7. Pump fluence dependence of o(w, 1)) = 01(w, 71) +
ioz(w, T1) (orange symbols) of heavily doped graphene obtained
from for (a) and (b) Fy = 100, (¢) and (d) Fy = 200, and (e) and (f)
Fy =300 uJ/cm?. The gray solid and dashed curves correspond to
the fitting curve of o (w, t;) at equilibrium shown in Fig. 4(b). The
black, red, magenta, green, and blue curves correspond to o (w, 71)
at 7y = 0.1 ps calculated using (D%)F =92.0, 193, 450, 703, and
946 (eV A~")?, respectively, under the maximum Jq. condition.

the experimentally determined and calculated AE.(t;)/Ey
values with the maximum Jg., where J, = 30 eV and ps =
100 2. The calculated AE;(t;)/Ey is significantly dependent
on (D% )r and the pump fluence Fy. For the (D% )r determined
through the DFT and GW calculations, the peak height and
temporal evolution of AE.(t;)/E, differ significantly from
the experimental values; higher values of (D2 Yg = 450-946
(eV/A)? are required to reproduce AE;(t;)/Ej.

Figure 7 presents the pump fluence dependence of o (w, 1)
measured at 7y = 0.1 ps when the maximum negative pho-
toconductivity appears. We observe a significant reduction
in the THz conductivity; this indicates that a large negative
photoconductivity with non-Drude behavior is attained as Fj
increases and o (, 1) for Fy = 200 pJ/cm? reaches less than
half the corresponding values at equilibrium (gray curve).
Thus a significant increase in the carrier scattering by SCOPs
is considered to occur at high temperatures. It is observed
that the o (w, 71) values for (D%)F determined based on the
DFT (black curve) and GW (blue curve) calculations cannot
reproduce the observed negative photoconductivity, even if
the SA effect is not considered. In contrast, the o (w, ;) for
(D3)r = 703 and 946 (eV/A)? exhibit a larger deviation than
that for (D2)g = 450 (eV/A)? does. From the comparison of
o(w, 1) and AE.(t1)/Ey with the calculated values shown
in Figs. 6 and 7, we estimated (D%()F ~ 450 £ 45 (eV/;%)2
and 1, = 116 fs. At these values, the calculations (magenta
curves in Fig. 6 and 7) with the maximum J show the best fit
with the experimental results. Note that the comparison using
the calculation with the minimum J,. where J, = 10 eV and
ps = 40 Q yields the same EPC constant as that shown in Ap-
pendix F. From the comparison, we obtained 7, = 116 and
121 fs with the maximum and minimum Jg. corresponding
to the saturated pump intensity I, = 1.7 x 10% and 1.6 x 108
W /cm? for A%, respectively; the aforementioned values are
slightly smaller than those reported in Refs. [111,124].
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FIG. 8. Temporal evolution of 7, and 7, calculated for
(a) (D¥)r = 92.0 and (b) (D )r = 450 (€V/A)? under the maximum
Js. condition. The magenta curve is the absorbed pump intensity Zyp,
calculated considering the SA effect.

Figure 8 presents the temporal evolution of 7, and T,
calculated for (D%()F =92.0 and 450 (eV/A)2 under the
pump fluence Fy = 200 wJ/cm? indicating that hot carrier
and phonon dynamics are significantly dependent on the EPC.
For (D%()p =92.0 (eV/A)? as shown in Fig. 8(a), the hot
carrier temperature increases beyond 7, = 3000 K, and Tx
follows 7, slowly owing to the weak EPC and reaches up
to Tx ~ 1500 K. In this high temperature range, the carrier
scattering by optical phonons is dominant, and the Drude
weight D(T,) makes a positive contribution to o(w, 7) in
contrast to the carrier scattering. The competition of these
factors leads to broader peaks of AE;(t;)/E, for DFT (black
curve) in Fig. 7(c) than those of T}, in Fig. 8(a). For (D%()F =
450 (eV/ A)? as seen in Fig. 8(b), the hot carrier temperature
increases up to only 7, ~ 2000 K, and Tx follows T, rapidly
and reaches up to 7x ~ 1400 K owing to the SA effect and
strong EPC. In this case, D(7,) makes the same contribu-
tion to o (w, 71) as the optical phonon scattering, resulting in
sharper peaks of AE.(t;)/Ey and a successful reproduction
of the experimental results. Furthermore, the frequency de-
pendence of o(w, 71) at 7y = 0.1 ps in Fig. 6 deviates from
the simple Drude model as F increases. This originates from
the rapid temporal variation in the carrier temperature and
scattering rate during the THz probing time following the pho-
toexcitation, and the calculation with (D%()F =450 (eV//c%)2
effectively reproduces the observed large negative photocon-
ductivity with non-Drude behavior. This indicates that most
photoexcited carriers are recombined and the quasiequilib-
rium hot carrier state is almost established at 7y = 0.1 ps
owing to the strong Auger recombination in the heavily doped
graphene, as reported in Ref. [26]. The parameters used in the
calculation are displayed in Table II.

TABLE II. Parameters used in calculation of AE,(71)/Ey,
o(w, 11), and 7, in Figs. 6, 7, and 8, respectively, under the maximum
Jic condition. The values of (D2)g, J,, and p; are set to (D2)r = 45.6
(eV/A), J, =30.0 eV, and p, = 40.0 2, respectively. The charged
impurity concentration #; is selected to provide the same dc conduc-
tivity og. = 20.0G at equilibrium for 7 = 295 K.

(DE)e (eV/AY e (fs) I (W/em?)  m (em™)  Ak(ep)
92.0 1.15 x 10'2 0.02
193 1.13 x 10'2 0.04
450 116 1.72 x 108 1.09 x 10'2 0.09
703 210 0.53 x 108 1.05 x 10'2 0.14
946 299 0.26 x 108 1.01 x 10'2 0.19

IV. DISCUSSION

Based on the fitting of AE.(t)/Ey by the calculation
considering the EPC, we estimated the phenomenological
phonon decay time due to lattice anharmonicity as Tp, =
0.3, 0.45, and 0.57 ps for Fp =50, 100, and 200 ,uJ/cmz,
respectively, under the maximum J. condition. References
[125,126] reported longer t,n = 0.8-1.5 ps for graphene on a
SiO, substrate. However, these values were determined from
the simple fitting of transient absorption or anti-Stokes Raman
intensity by an exponential function and do not consider the
EPC. The simple fitting of AE,(t;)/Ey with an exponential
curve results in 7pp = 1.15-1.5 ps, which is comparable to
the reported values. A theoretical study reported the phonon
decay times T, A 3.5 and 4.5 ps for I and K phonons by only
considering the anharmonicity of the lattice in graphene with-
out substrate [105]. Therefore the obtained Ty, indicates the
dominant contribution of the substrate for the optical phonon
decay channel.

The dimensionless coupling constants Ay and Ak for the
optical phonons near the I and K points, respectively, are use-
ful for comparing the EPC strengths determined from various
experiments and calculations, which are defined as [49]

2
FF,KAu.c.

- 2Mha)r'KU%- '

(14)

AT,K

In the above, M ~ 2.00 x 1072° kg is the mass of the car-
bon atom, and A, ~ 5.24 A? is the unit-cell area. F? and
Fl% have the dimensionality of a force and are the propor-
tionality coefficients between the change in the effective
Hamiltonian and lattice displacement along the corresponding
phonon mode. Subsequently, the matching rules are expressed
as Fr2 = 4(D%)p and Fé = 2(D%<)F. Note that Ak is subject
to Coulomb renormalization, which implies that A is de-
pendent on the electronic energy scale, such as the electron
energy, Fermi energy, or temperature 7, whichever is larger:
Ak = Ak (max{lel, |eg], |T|}). From (Dg)r ~ 450 (eV/A)?,
we estimated Ax(er) ~ 0.09 using Egs. (13) and (14). Fig-
ure 9 presents the flow of Ar and Ak for different background
static dielectric constants €,;, = (1 + €5)/2 = 1, 2, and 5 cal-
culated by solving the renormalization group equation in
Ref. [53], which sum up the leading logarithmic corrections
and go beyond the Hartree-Fock approximation. The bare val-
ues of the dimensionless EPCs Ar = 0.031 and Ag = 0.038
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FIG. 9. Flow of dimensionless coupling constants Ar and Ag
(three dashed and solid curves, respectively) for three values of
€ = 1, 2, and 5. The red and blue symbols correspond to the Ax
determined in this study (€, = 2) and by Raman studies (e,y = 5)
from Ref. [49] (blue open square and circle) and Ref. [127] (blue
open triangle). The black open square and circle correspond to Ak by
the DFT [44,49] and GW [47,49,55] calculations (€,, = 1), respec-
tively.

were selected to satisfy the relation Ar/Agx = wk/wr and
to reproduce the experimental value Ar = 0.031 [127]. The
renormalization group analysis demonstrated that, although
Ar was almost constant, A was strongly dependent on the en-
ergy scale as well as €,,. The obtained value of Ak (er) = 0.09
is slightly larger than the calculated value of Ak (eg) = 0.073.
According to the ratio A(wk)/Ak(ep) = 1.21 for €,y =2 in
Fig. 9, we obtained A(wk) = 0.11, which is a factor of 3.2
larger than the DFT value Ak (wk) = 0.034. Raman studies
[50,51,127-129] using a field effect transistor based on the
polymer electrolyte (¢,, = 5) reported Ar = 0.028 and 0.031
from the ratio of the area between the G and 2D peaks, which
were comparable to Ar = 0.028 by the DFT calculation of
(g%)p using Eq. (14). However, Ax(EL/2) ranged between
0.05 and 0.15 as seen in Fig. 9, where E| is the laser excitation
energy (for a typical Raman measurement £y /2 ~ 1 eV). The
corresponding Ak (wk) are estimated as 0.063 and 0.19. The
lower limit value is comparable to the calculated Ak (wk) for
€av = 5. Although Raman spectroscopy is a powerful tool for
the determination of Ag(wk) as well as Ar(wk), it requires
an accurate estimation of the gate capacitance of the field
effect transistor (FET) device which is not required in OPTP
experiments.

V. CONCLUSION

In conclusion, we investigated the EPC of the optical
phonons near the K point of heavily doped graphene on PET
substrate and the hot carrier dynamics using a combination of
time-resolved THz spectroscopy and numerical simulations.
The hot carrier dynamics in heavily doped graphene on PET
substrate is less sensitive to the extrinsic charged impurity
and surface polar phonons of the substrate and is dominated
by the electron-optical phonon interactions. According to the
quantitative analysis based on the BTE and a comprehensive

temperature model considering the SA effect on pump flu-
ence, the AE(t;)/E, value can be used for the determination
of the EPC in graphene. The estimated (D%()p ~ 450 (eV/A)?
indicates the strong renormalization by e-e interaction and
a corresponding dimensionless coupling constant Ag(Eg) ~
0.09 slightly larger than the calculation by the renormaliza-
tion group theory. The extension of the simulation model
to undoped or lightly doped graphene on various substrates
requiring the accurate estimation of charged impurity concen-
tration and effect of surface polar phonons of the substrate
are a future issue that will be important to the development of
graphene optoelectronic devices.
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APPENDIX A: CALCULATION OF EQUILIBRIUM
OPTICAL CONDUCTIVITY OF GRAPHENE FROM THE
THz TIME DOMAIN SPECTROSCOPIC ELLIPSOMETRY

EXPERIMENT

In this Appendix, we explain the calculation procedure
of the THz conductivity o (wry,) of graphene on the sub-
strate from the ratio of the complex reflection coefficient
[p(wrHz)/Ts(wTH,)] for the p- and s-polarized THz waves
measured by THz time domain spectroscopic ellipsometry
(THz-TDSE) [120]. According to the standard thin-film ap-
proximation, the reflection coefficients of graphene on a
substrate for p- and s-polarized THz waves are given by [130]

o (wtHz)Zo + A’

ry(w = , (Ala)
plemz) o (wTtH, ) Zo + A
22 B
(o) = — 2D £ (Alb)
o(wrn)Zo + B
where
_ €2(wrhy) e, (o) (A2a)
[e2(wr,) — €1(wTH,) sin® 6;]'/2 cos6y
12
r_ 62(60'[']-12) — _ € (wTHz)’ (AZb)
[e2(wrH,) — €1 (wTH,) Sin” 01]1/2 cos 6

611/2(0)THZ) cos 0y,
(A2c¢)

ell/z(a)THZ) cos 0.
(A2d)

B = [&x(wrh,) — €1 (wrn,) sin® 6;1% +

B’ = [ex(wrn,) — €1(wrh,) sin® 6;]"% —

In the above, Zy = 376.7 Q is the vacuum impedance, and
0, = 60° is the incidence angle of the THz wave. Furthermore,
€i(wrH,) 1s the dielectric constant of layer i, as indicated in
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FIG. 10. Schematic of systems considered in the THz-TDSE and
OPTP measurements, showing the incident THz probe or optical
pump pulse.
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Fig. 10. From Egs. (Ala) and (A1b), o (w) is expressed as

o(w) = [ops(@)(A + B) + A" + B1Z,

21+ (@)
+ {[pps(@)(A + B') + A’ + B)?
— 4[1 + pps()][pps(@)AB' + A'B1}'/2].

Here, pps(w) = r,/rs measured by THz-TDSE. o (wrh,) can
be determined by substituting p(w) into Eq. (A3).

(A3)

APPENDIX B: CALCULATION OF HOT CARRIER
OPTICAL CONDUCTIVITY OF PHOTOEXCITED
GRAPHENE FROM THE REFLECTION COEFFICIENT
FROM THE OPTP EXPERIMENT

In this Appendix, we present the calculation procedure of
the hot carrier THz conductivity o (wrhz, 71) of photoexcited
graphene at the pump probe delay 7; from the reflection-
type OPTP measurement. The reflection-type OPTP measures
the ratio of the complex reflection coefficient X(wrp,, 71) =
ri(wrhz, T1)/rs(wrh,) of graphene with and without photoex-
citation. The reflection coefficient for the s-polarization of
graphene with complex conductivity o(wry,) at an inci-
dent angle of 6, is expressed by Eq. (Alb). Similarly, the
THz-amplitude reflection coefficient for the s-polarization of
graphene with hot carrier complex conductivity o (wrpg, T1)
on the substrate at an incident angle of 6, for the pump probe
delay t; is expressed by

o(wrnz, 11)Z + B’

! 75 = — . B1
(@t T) o(wtH,, T1)Zy + B ®1)

Using Egs. (Alb) and (B1), we obtain

BX(wrhH,, T1)rs(wrH,) + B
o(wrHz, T1) = — , (B2)
Zo[1 + Xs(wrtHz, T1)7s(wTH,)]
where B and B’ are provided by Egs. (A2c) and (A2d),
respectively, and rs(wry,) is calculated using the equilib-
rium o (wry,) obtained by THz-TDSE. We can obtain the
o (w1Hz, T1) by substituting Xs(wry;, 71) into Eq. (B2).

APPENDIX C: RATE EQUATIONS FOR
THE TEMPERATURE MODEL

In this Appendix, we present the derivation of the hot car-
rier recombination and generation rate by the optical phonon
emission and absorption process, respectively, used in the

temperature model. The Hamiltonian of electron-phonon in-
teraction H,), is

H,, = Z Ve,,(c,tck/bq + cz,cka_q).
k.k' .q

(ChH

Here, V,,, is the potential of the electron-phonon interaction, c,t
(cx) is the creation (annihilation) operator with carrier wave
vector k, and bjl (bg) is the creation (annihilation) operator
with phonon wave vector ¢. From Fermi’s golden rule, the
carrier transition rate from k to k' by the emission and absorp-
tion of the I'r ¢ phonon or I'tg phonon with an energy of fiwr
is given by

Y / /
Pl =10 2/ | Hoplke 2) 8 (e — s & hor)
D, .. 1 1
| )\.k}\.k’ <nr+—:i:—)
pwrA 2 2
X 8(&; — & £ hwr)S(k' —k + ¢q),
(C2a)
P == KN ol 12860 — i & or)
DK 1 1
| MK (nK+—:l:—>
pwrA 272
x 8(&p — & = hop)S(k' — k £ q).
(C2b)
Here, |ka,vk |> and |kawk/|2 are the squares of the EPC

matrix elements. For small ¢ and k, the EPC matrix elements
are given by Eq. (7). p is the mass density, A is the area of the
graphene sample, &, = Ahivg|k| is the energy of the 2D MDF,
and A = =1 is the band index. The upper and lower signs
correspond to the optical phonon emission and absorption
process, respectively. The corresponding hot carrier recombi-
nation and generation rates per unit area including both intra-
and interband transitions are written as

Z Z Z PELT £ (L1 — £ (k)]

M'
1+ 6 6,
:—ZZZ [ Cos(kq+ kq)](r+1)
PY pwrA
X frll)[1 — fu(k)]18(e3p — exx + hor)S(k' —k + q)
D2 ,
B Z n( l')F /dzk/ [1 =+ cos(Ok,q + O ,q)] (4 1)
- A(27T)2 pwr,
AV,
X f/\(k)[l — fu (KNS (e; — & + hwr)S(k' —k + q)
+
= Z 4 (nr )ffx(Exk)N(Exk)dexk
P Tpor
X /dzk'[l + cos(bk,q + Gkgq)][l — fu k)]
X 8(eyp — & + hor)S(k' —k +q), (C3a)
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Gr =~ Z Z ZPQ‘i,,Emk)[l — fu")]

AN
1 1 £ cos(Ok.q + O o)l
D ey TR,

X fx(k)[l - fw(k N8(erw — &k — hor)S(k' —k — q)

_ZZ / P /[l:I:COS(qu+9k/q)]
- A(2n)2

IRy POr o

X fx(k)[l — [ (K)18(e — exx — hwr)S(k' —k — q)

= Z 4 /fk(gkk)N(Sxk)dSAk
T pw

AN
X / d’K'[1 £ cos(O.q + O DI — fr (k)]

X 8(eyp — &k — hor)d(k' —k — q). (C3b)

Here, N(ex) = 2|ewx|/m(hvp)? is the density of states of
the 2D MDF. Furthermore, the electron distribution func-
tion f (k) can be replaced by Fermi-Dirac-type distribution
Jfo(esx, T,) for hot carriers in quasiequilibrium. Similarly,
the hot carrier recombination and generation rates by the K
phonon with an energy of hiwg are given by

Re=5 > Z Z Pl F O = £,
Wy

D 1

= ZM/\fl(skk)N(&‘)\k)dé‘xk

™Y 47 pawg

X / d?K'[1 £ cos(G )1 — for(k)]

X5(€A/k/ — e + hog)s(k' — k + q), (C4a)
Gk = — Z Z ZP{}j,‘jﬂ(k)[l — fu®)]
"y
= ; (Dx 4m) / FulEON (e3i)desn
x [ @£ cos@ls - )]
x8(&,p — e — howg)S(k' —k — q). (C4b)

Using Egs. (C3a), (C3b), (C4a), and (C4b), the total bal-
ance between the optical phonon emission and absorption rate
is given by R)** = R, — G,,.

In Egs. (9a) and (9b), R}, = R, — G, denotes the total
balance between the optical phonon emission and absorption
rate per number of phonon modes.

1
0= 5 20 2 Pl (O = fu))/M; (k). (CSa)

M kK

1
0= 5 20 2 Pl Ol = fu )M (k). (CSb)

M kK

Here, M, (k) and M;f (Ak) are the number of n-phonon
modes (g) per unit area that participate in the phonon emission
and absorption processes for carrier state (A, k), respectively.

a
MEGI) = 5 (tlq P — 7lal2n) [ 1808
_aym | 28k & hoy, : ha, : 47’
A hvgp hvp A
_ an|[ (2ot hop\T (Y
4w hvg U ’

(Co)
In this case, ar = 1 for I' ¢ and I'tg phonons, and ag = 2 for
K phonons. The factor of ag = 2 represents the degenerate
phonon valleys at the K and K’ points. Using Egs. (C5a) and
(C5Db), the total balance between the optical phonon emission
and absorption rate per number of phonon modes is given by
RNet —R -G

M.,y M.y M-

APPENDIX D: PUMP POWER INJECTED
INTO THE GRAPHENE SAMPLE CONSIDERING
SATURABLE ABSORPTION

In this Appendix, we present the derivation of the pump
intensity Jp injected into the graphene sample, considering
the multiple reflections inside the substrate and the saturable
absorption (SA) effect. The SA is an extreme nonlinear
phenomenon that consists of the quenching of the optical ab-
sorption under high-intensity illumination. Following Marini
et al. [111], we introduce the derivation of saturable absorp-
tion coefficient aiyer in graphene. Thereafter, we explain the
derivation of the absorbed pump intensity J,, by graphene on
the substrate at an oblique incidence angle using tjper-

We study the response of a single electron in graphene un-
der an in-plane x-direction applied field E(t) = Ege™™'&. The
extended Bloch equations describing the temporal variation
in the interband coherence px and population difference ni in
photoexcited graphene are as follows:

pult)

ie

Px(t) = —%ék(r)nk(mez’“k“) - (Dla)

ie

A (t) = 26(1) Im { p(1)e™ A0} — (D1b)
where 7 = ik = fik(cos ¢, sin¢) is the electron momen-
tum, the global dynamical phase Qx(¢#) is defined as
Qu(t) = v f |k + (e/fic)A(t)|dt, and 6k (t) = atan{k,/[k. +
(e/hc)A(t)]} is the time-dependent directional angle of the
electron quasimomentum 7 (t) = ik + (e/c)A(t). The vec-
tor potential A(¢) is A(t) = — f E(t)dt. In the near-resonant
condition, the optical momentum is negligible [i.e., /ik >
(e/c)A(t)] and does not significantly affect the interband
dynamics. In this approximation, Egs. (D1a) and (D1b) are
reduced to

. 1 j i

'k =— — 4+ 2wy | Tk — =~ Re{Ege™ "} sin ¢ni, (D2a)
Tie hk

. 1 4e ity .

i = ——[ng — N1+ ﬁRe{Eoe I sin ¢ Im {T'}.
ie

(D2b)
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In this case, ' (t) = px(t)e 2, wy = velk|, Nk, T,) =
Fk,T.) — F(—k, T,), where Fk,T,)=1/{1+
exp[(vehlk| — w)/kgT,]}. A phenomenological relaxation
time 71 is introduced, which encompasses the effect of
numerous ultrafast decay channels for the out-of-equilibrium
electrons into hot carriers and phonons. The steady-state
ansatz for the Bloch equation is given by

Fk(l) _ F+ it +F_ —zwt’

n(t) = n(O) +Re { (Z)e—Ziwt}.

(D3a)
(D3b)

Using these expressions and neglecting the higher-harmonic
terms, Eqgs. (D2a) and (D2b) lead to

o —4iE(l— oty

— , D4b
& (1 = 2iwtie)(1 — iw+fie) ( )
1 +iw_T
Iy = - Tieps (Dic)
1+ iwy e
—i£ /2 1
- ( l.E/ ) n® + ~n@® (D4d)
1 —iw_T 2"k

where & = (et Ey/hk) sin ¢ and w1 = w *+ 2wy. The macro-
scopic interband current density depending on the light
intensity Iy = (c¢/2m)|Ey|? at the electronic temperature 7, is
determined by

2
Jinter (1) = _ﬂR { /Sill(f)[r‘]: — Flj*]dzk}f(,
JT

. D5)
1 —-iwte _ _ et Eo sin d(1—iwt: (
n = N +4¢Im {—1 el } (Dda)  where Iy, — " = — e Biies 0m + m), and
|
”{?) = 2 i(l—iote) N £2(1—iote) (D6)
1+2¢ Im{(lfiw+t;c)(1fiw,ric)[ - (172iwr,c)(17ia)+t;c)(l7i£,ric)+52(lfiwr;c)]}
and
o —282(1 — iwti )N /[(1 = 2iwTie)(1 — iw,Tie)(1 — io_Tie) + £2(1 — iwTe)] D7)
ko= i(1—ioT) £2(1—iwn,) ‘
1+262Im { (l—iwl+rie)l(ait—iw,rie)[ - (1—2iwri:)(l—iw+r;e)(ia—):w,ris)-i—éz(l—ia)r)]}
Subsequently, by expressing the integral over the reciprocal space in polar coordinates, the following is obtained:
8e2UpT; sin® p[2n” + nl?
Jinter (1) = —=—5— Re { Ege™' (1 — zwne)/ d¢/ i Sl W Y (D8)
2(1 —iwytie)(1 — iw_Tie)

Using the interband current, the interband absorption coefficient is determined as the ratio of the time-averaged absorbed power

over an optical cycle to the incident intensity /j:

f+7r/w

—/w

Jinter (1) - E(2)dt

Ainer (o) =

D9)

Q2r fo)ly

Although the above results were obtained under continuous-wave (CW) illumination conditions, these are also applicable to
commonly used optical pulses that have a large duration compared with the optical period.

Taking into account the SA for the interband transition by the pump irradiation, the transmission and reflection coefficients of
the s-polarized pump pulse incident on the system of layer i/graphene/layer j from layer i, as illustrated in Fig. 10, are calculated

by

ti (o, vij) =

Uinter (VijIO) + [ej (wpump) -
Ainter (@, Yijlo, T2) + [€j(wp) —

rio, vij) = —

Cinter (@, Vijlo, Te) + [€j(wp)

In this case, the pump pulse irradiates the graphene from
layer i with the incidence angle of 6; and transmits it
to layer j with the angle 6;. Moreover, y;; is the correc-
tion factor. Although ojner (o) is appropriate for the case
in which the optical pump pulse excites the suspended
graphene at the normal incidence angle, the saturation be-
havior will change when graphene on a substrate is excited
by a pump pulse at an oblique incidence angle, where the
injected pump power becomes smaller by a factor of y;;. The
corresponding transmittance and reflectance are determined

172
2¢; (a)pump)(.:ozgi ’ (D10a)
€i(Wpump) SN~ 612 + € (wpump)'/? cos 6;
. s 2p71/2 1/2
€ sin” 6, cos 6;
(wp) n ] = (@p) (D10b)
— €i(wp) sin® 6;]/2 + ¢, (a)p)cosei
[
by
o 1) = 1o P g
i Uo, viy) = |65o, Vi , a
! ! ! ! ei'/z(a)p)coséi
R (o, vij) = |rio. vi)I*. (D11b)

Using Eqgs. (D10a) and (D10b), the absorption of the pump
pulse by the graphene layer is provided by

Ao, vig) = 1 = T;;(lo, vyy) — Ry (o, vij)- (D12)
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The correction factor y; is calculated by the ratio of the
absorption coefficient

_ Ao, vy)

i = (D13)
Vi inger (o)

and can be determined self-consistently. Using the converged
yi;‘, the transmittance, reflectance, and absorption coefficients
in the experimental condition are obtained by

T (o) = T o, 7). (D14a)
R () = Ry (o, 7)), (D14b)
AT (o) = Ao, 77)- (D14c)

The envelope function of the pump pulse considering the nth
multiple reflections inside the substrate is given by

() = ZI"(I +nAT)
n=0

S% DS sk ps |11
=To(t) + T3R5 Y To(t + nAT)(RSRS;)" . (D15)

n=1

In this case, Zy(t) represents the incident pump pulse,
which is assumed to have hyperbolic secant form Z,(t) =
(Fo/27pump) sech?(z/ Tpump)» Where Fy is the fluence and 21pymp
is the pulse duration. Z,,(¢) = (F1/2Tpump) sechz(t / Tpunmp ) TEP-
resents the nth reflection of the incident pump pulse and
F, is the fluence of the nth reflection pulse. AT is the
time delay owing to one round trip in the substrate, respec-
tively. Using Eq. (D15) and Iy = Fo/2tpump, Fn for n > 1 is
obtained by

F = BT (Fo/2Tump)RS3,
F, = F,\Ry (Fam Ry, (forn > 2).

(D16a)
(D16b)

In the above, R, is the reflectance of the pump pulse incident
at the substrate (layer 2)/N,-purged (layer 3) interface from
the substrate [ainer(lp) = 0 in Eq. (D11b)]. Using Egs. (D13),
(D14a)-(D14c), and (D15), the absorbed pump intensity
Zap(2) is determined by

Iah(t) = I()(t) Af;(FO/Z":pump)

+ 3 Tt + nADAS; (F /2 Tpump)- (D17)

Figures 11(a)-11(f) depict the pump intensity dependence
of jper and A?j for various Tt and 7, calculated using
Egs. (D9) and (D14c). Figures 12(a) and 12(b) present the
saturation pump intensities I, for oner and A7, respectively,
where I; is defined as dtineer (Iy) = (1/2)tinger (0) and A5 () =
(1/2)A%5(0). Figure 13 shows the absorbed pump fluence
in graphene with |eg| = 0.15 and 0.43 eV, calculated using
Eq. (D17).

APPENDIX E: CALCULATION OF THE TRANSIENT THz
REFLECTION CHANGE FROM OPTICAL
CONDUCTIVITY

In this Appendix, we explain the calculation procedure
of the transient reflection change AE;(t,)/Ey from o(w, 11),

Fy (udlcm?) Fo (udicm?)
10° 107 10 10° 10° 107 10 10°

0.025 (a) 1 0025 (b) ‘

0.020 |

0.020

2 o015} 1€ o015}
3 3
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103 107 10 10° 102 107 10 108
c d
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L& 0010f 1 ~oo0t0f
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FIG. 11. (a)—(f) Pump intensity I, dependence of ctiyer and Aj
at @ = 60° in heavily doped graphene with |eg| = 0.43 eV, assuming
€, = 2.4 for various 7, and T,. The Fy = Iy X 27,y on the upper
horizontal axis was calculated by assuming 27,,,, = 220 fs in the
OPTP experiment.

calculated using the iterative solution of the BTE and the
four-temperature model. The reflected THz electric field in
the time domain, E}(72, T1), where 1, is the probe trigger
delay, is determined by the inverse Fourier transformation
of the reflected THz electric field in the frequency domain,

1010 et 10"

(@) 10° 10°
~10°F & o &
& &

2 & 2 E
g 1025 € 102 §
= O =
2 ER 2
<108 ~ <408 =
= 10w = 10 W
107 107
L L L L L L L 1 L L L L L L L d41
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Tie (f5) Tie (fs)

FIG. 12. T, dependence of saturation pump intensity /; of heavily
doped graphene with |eg| = 0.43 eV, assuming ¢, = 2.4 for (a) jper
and (b) Aj at 0= 60°. The F, = I X 2Tpymp on the right verti-
cal axis was calculated by assuming 27,,m, = 220 fs in the OPTP
experiment.
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FIG. 13. (a) Envelope function of pump fluence F; incident on
graphene at & = 60°. Absorbed pump intensity Z,, in graphene with
(b) lep] = 0.15and (c) |eg| = 0.43 eV at T, = 295 K using ¢; = 2.4.

E}(wrHz, T1):

EXn, 1) = / EX(01H,, T1)e“ ™ 2 dwry,

:/ E} (or)rs(0rh,, 1) P dwm,,  (E1)

where E’(wry,) is the electric field of the incident THz pulse
in the frequency domain and r(wrp;, 71) is the refection co-
efficient of the THz probe by the photoexcited graphene at
71, which is calculated as a function of o (w, 71) by Eq. (B1).
The normalized reflection change AE} (1, 11)/E} (1) =
AE.(t1)/Ey as a function of the probe trigger delay 7, at 1

(a Fo=100 pJom2 j ) T (d
o A 20l 2t,10,=600 fs(d)|
A 7, (ps)
151 1 b
—0.1
10¢ —10
—20
5r ——40
° @)
— T - €
5 Simulation o 20+ 2Tprob=300 fs
G 200, (19) | (5
L 100 | X 15}
o ----300 | S
2 600 é 10}
N °©
T 5t
-1.0 -0.5 0.0 0.5 1.0 0 N N N N
. Time (ps) ' ' ' C(f
- T 20 ( ) b
8 21,,=100 fs
T 15+
£
% 10
5] 5r
3
S ; ; h 0 . . . .
0 5 10 15 20 0 2 4 6 8 10

Frequency (THz) Frequency o/2n (THz)

FIG. 14. (a) Temporal evolution of 7, and T, of heavily doped
graphene with |¢g| = 0.43 eV. (b) Temporal waveform of THz probe
pulse with 27, = 100, 300, and 600 (fs) used in the simulation.
(c) Corresponding Fourier spectrum of THz probe pulse. Temporal
evolution of o (w, 77) at t; = —1.0, 0.1, 1.0, 2.0, and 4.0 ps calcu-
lated using the THz probe with (d) 27, = 600, (e) 2t; = 300, and (f)
27, = 100 fs.

is expressed by

AE(11) _ AEN T, 1)  EXNwn, 1) — El(1)

= (E2)
Ey ES(12) ES(12)

In the above, E’(1;) is the reflected THz field through the
graphene sample without pump fluence. We define the tran-
sient reflectivity AE,(11)/Ey = AE (12, 11)/E} (1) at 1, =0
ps when the peak amplitude of E](t,) takes the maximum
amplitude.

Figures 14(a), 14(b), and 14(c) depict the temporal evolu-
tion of T, and T,, of the photoexcited graphene, the temporal
waveforms of the THz probe pulse, and the Fourier spectra of
the THz probe pulse, respectively, used in the calculation of
o (w, t1) [43] in Figs. 14(d)-14(f) for (Df()p =193 (eV/A)z.
The o (w, 71) values are plotted only in the frequency range
corresponding to the bandwidth of the THz probe, because
the numerical error occurs outside the frequency of the band-
width. o (w, 71) is strongly dependent on the waveform of
the THz probe pulse, and non-Drude frequency dependence
clearly appears at t; = 0.1 ps when the carrier distribution
and scattering rate change very rapidly during the THz prob-
ing time owing to the photoexcitation. Figure 15 depicts the
(D%()p dependence of AE.(t1)/Ey for different 27,0, values
calculated using Eq. (E2). The AE.(1,)/E, reflects the change
in the o (w, 71) around the center frequency of the THz probe
pulzse, and the peak value becomes higher depending on the
(DK)F-
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FIG. 15. (D%()F dependence of AE,(t)/Ey of heavily doped
graphene calculated using the THz probe pulse with 27, = 600,
300, and 100 fs for Fy = 100 uJ/cm?.

APPENDIX F: DETERMINATION OF THE EPC CONSTANT
FROM THE SIMULATION

In this Appendix, we present the procedure to determine
the EPC constant (D%()F near the K point via the numerical
simulation based on the Boltzmann transport equation. In the
numerical simulation, we used four unknown free parameters
associated with carrier scattering ((D%()F, Ja, ps, ;) and two
unknown free parameters associated with the optical phonon
decay time (7,,) and saturable absorption (z) for the fitting
of AE.(71)/Ey and o4.. Here, the reported values of J, and
ps are equal to 10-30 eV [71,72,74-76,82,90-99] and 40—
100 €2 [70,71,85,86], respectively. Both J, and ps contribute
to the hot-carrier-cooling process through the defect-induced
supercollision (SC) process. The energy loss rate Js. of the SC
process [Eqgs. (9a) and (9b)] [59,102] is

2
Jse ~ 8.8 x 1014J—'fl(7;3 —T)) eV/s. (F1)
M Defect
Here, ipefect 18 the defect-limited carrier mobility which is
inversely proportional to ps. However, n; is not responsible for
the temporal evolution of 7, and T, because the charged im-
purity scattering is elastic. Furthermore, the charged impurity
scattering less affects the temperature dependence of the scat-
tering rate through the change in the carrier distribution and
screening effect, as seen in Fig. 1(d). Therefore we conducted
the numerical calculation under the minimum (J, = 10 eV,
ps = 40 ) and maximum (J, = 30 eV, ps = 100 2) SC pro-
cess conditions to understand the parameter dependence.

4000 T T T T
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92.0 (DFT) 0
—— 193 (GW) 0
3000 1—325 307
—— 364 72.9
< 406 98.9
= 2000 450 121
= ——— 496 136
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—— 648 198
+——703 218
0 . . . . ——— 946 310
0 2 4 6 8 10
4000 Frequency (THz)
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051000 92.0 (DFT) 0
3000 - s J——193(@GW) 0
;=057 ps | ——325 315
—— 364 78.0
406 103
450 116
—— 496 141
——545 165
—— 5095 185
—— 648 206
——703 228
0 . . . . ——946 310
0 2 4 6 8 10

Frequency (THz)

FIG. 16. (Dg)r dependence of T, of heavily doped graphene for
Fy =200 pJ/cm? under different parameter conditions. (a) J, =
10eV, p; =40 @, and 7, = 0.5 ps. (b) J, =30¢eV, p, =100 L,
and 7, = 0.57 ps.

First, we determined the n; value from the dc conductiv-
ity ogc. Since oy is a function of (Dg)r, Ja, ps, and n;, n;
can be determined from the fitting of o4.. Hence we fitted
AE,(11)/Ey for Fy =200 pJ/cm? using (D¥)F, T, and Tpn
as free parameters. Figures 16(a) and 16(b) show the temporal
evolution of 7, used in the fitting of AE.(t;)/Ey under the
minimum and maximum SC conditions for Fy = 200 uJ/cm?.
The multiple reflections of pump pulses inside the PET sub-
strate were not included. Since the negative photoconductivity
of hot carriers in heavily doped graphene originates from
the temperature dependence of the Drude weight and carrier-
scattering rate, a higher (D%()p results in higher 7 values
leading to stronger saturable absorption and a lower peak
value of 7. Figure 16 shows that for a low (D%()p, the peak
of the T, curve is broad because the energy loss rate R fiwg
of hot carriers for optical phonons is small.

Figures 17(a) and 17(b) show the fitting of AE.(t;)/Ey at
the minimum and maximum SC conditions, respectively, for
Fy = 50, 100, and 200 1.J /cm?. The fitting results indicate that
the optical phonon decay time 7, increases with Fy and Jg.
For (D¥)r < 405 (eV/A)?, the first and second sharp peaks
of the calculated curves are significantly broader than those
of the experimentally determined curves due to the longer
relaxation time of 7,. For (D%()F > 450 (eV/A)?, the calcula-
tions fit closely with the experimental results, which indicates
that (D% ) = 450 (eV/A)? is the lower limit value under both
conditions.
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FIG. 17. Fitting of AE,(t,)/E, of heavily doped graphene under
different parameter conditions. (a) J, = 10 eV, p, = 40 @, and 7, =
0.5 ps. (b) J, =30¢eV, p; = 100 €, and 1, = 0.57 ps.

To estimate the higher limit value of (D%()F, we com-
pared the experimentally determined o (w, 1) = o1 (w, 71) +
ioy(w, T1) values with the corresponding calculated values un-
der the minimum and maximum SC conditions for Fy = 300
wJ/cm?; the results are shown in Figs. 18(a) and 18(b), re-
spectively. Both the calculated o} (w, 71) and o, (w, 1) values
slightly decrease as (Dg)r increases, which indicates that
both the amplitude reflectance |r;| and phase shift arg(r})
in Eq. (B1) decrease. Since AE;(t;)/Ey was measured at
a fixed THz probe-trigger pulse delay 7, = O ps, when the
THz pulse amplitude is maximum, a small phase shift arg(r;)
leads to a small reduction in AE,(t;)/Ey. Consequently, the

J,=10eV
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T,,=0.5 ps
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FIG. 18. Comparison of o (w, 1) of heavily doped graphene for
Fy =200 pJ/cm? under different parameter conditions. (a) J, =
10eV, p; =40 @, and 1, = 0.5 ps. (b) J, =30¢eV, p, =100 £,
and 7, = 0.57 ps.

TABLE III. Parameters used in the calculation of AE.(t,)/Ey
and o (0, 7). (D})r = 45.6 (eV/A)2.

(D¥)e €V/A?  ze(fs)  mi(em™) L (@V) o (Q)
92.0 1.15 x 10'2 10 40
193 1.13 x 102 10 40
325 52.5 1.11 x 10"2 10 40
365 75.0 1.10 x 102 10 40
406 96.0 1.09 x 102 10 40
450 116 1.09 x 102 10 40
496 131 1.08 x 10" 10 40
545 151 1.07 x 102 10 40
595 170 1.06 x 102 10 40
648 189 1.06 x 10" 10 40
703 210 1.05 x 102 10 40
946 299 1.01 x 102 10 40
92.0 4.40 x 10" 30 100
193 4.39 x 102 30 100
325 30.7 4.36 x 10'2 30 100
365 72.9 4.35 x 10" 30 100
406 98.9 4.35 x 102 30 100
450 121 4.34 x 102 30 100
496 136 4.33 x 10" 30 100
545 159 4.33 x 10"2 30 100
595 179 4.32 x 1012 30 100
648 198 4.31 x 10" 30 100
703 219 4.30 x 102 30 100
946 310 4.27 x 10" 30 100
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calculated o (w, 1) yields similar peak values of AE;(1})/Ep
for (D%()F = 450-946 (eV//ok)2 as seen in Fig. 17. However,
because the deviation in o,(w, T;) between the experiment
and calculation increases with (D%()p, we estimated the EPC

constant to be (D%()F =450+45 (eV/A)2 under both SC
conditions. The parameters used in the simulations for the
minimum and maximum SC conditions are summarized in
Table III.
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