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ABSTRACT Photoexcited carrier relaxation is a recurring topic in

understanding the transient conductivity dynamics of graphene-
based devices. For atomically thin graphene oxide (G0), a simple
free-carrier Drude response is expected to govern the terahertz (THz)
conductivity dynamics—same dynamics observed in conventional
CVD-grown graphene. However, to date, no experimental testimony
has been provided on the origin of photoinduced conductivity
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increase in GO. Here, using ultrafast THz spectroscopy, we show

that the photoexcited carrier relaxation in GO exhibits a peculiar non-
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Drude behavior. Unlike graphene, the THz dynamics of GO show percolation behaviors: as the annealing temperature increases, transient THz conductivity

rapidly increases and the associated carrier relaxation changes from mono- to biexponential decay. After saturating the recombination decay through

defect trapping, a new ultrafast decay channel characterized by multiparticle Auger scattering is observed whose threshold pump fluence is found to be

50 /U/cmz. The increased conductivity is rapidly suppressed within 1 ps due to the Auger recombination, and non-Drude THz absorptions are subsequently

emerged as a result of the defect-trapped high-frequency oscillators.

KEYWORDS: graphene - graphene oxide - Auger recombination - defect saturation - percolation behavior -
ultrafast optical-pump terahertz-probe spectroscopy

raphene, a two-dimensional (2D)

carbon material with honeycomb

lattice, has received tremendous
attention in optoelectronic and photonic
applications because of its distinct 2D elec-
tronic and optical properties.* Chemical
exfoliation methods producing graphene
oxide (GO) from graphite present a promis-
ing scheme to achieve solution-processable
large-area graphene synthesis and related
devices.>'° The solution-based GO, how-
ever, inevitably contains lattice defects due
to oxygen-functionalized groups that de-
stroy the Dirac-like linear dispersion.'' ">
Recent work has observed the existence
of far-infrared energy gap (10—50 meV),
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depending on the oxygen reduction pro-
cess, which leads to the insulator-semimetal
transitions.'? Thus, unlike graphene, the
carrier relaxation dynamics in GO is strongly
influenced by recombination kinetics asso-
ciated with the defect trapping, and the
relaxation pathways are expected to be
different from those of graphene.

To date, most of the ultrafast studies on
various graphene layers'®'” have focused
on understanding the optical and terahertz
(THz) response of linear-dispersion charac-
teristics.”® 22 Prior pump-fluence depen-
dent studies (both theoretical and experi-
mental investigations) have reported that
the photoexcited carriers decay via energy
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dissipation arising from coupling between carriers and
phonons at low pump fluence or via carrier—carrier
scatterings resulting in Coulomb-mediated momen-
tum redistribution of hot carriers at high pump fluence
within 1 ps.>>?* These studies of ultrafast carrier relaxa-
tion pathways have made important contributions to
the development of novel graphene-based optoelec-
tronic devices,”> 2% which were also demonstrated in
other carbon materials such as carbon nanotubes®®—>2
and nanoscale quantum dots. 3373

In GO, the defect-mediated dynamics should play a
key role in governing the carrier relaxation, yet the
rapid carrier-relaxation mechanisms have not been
clearly identified. For example, although recent equi-
librium spectroscopies in GO have clearly shown that
the defect-assisted high-frequency absorption oscilla-
tors are distributed in the THz range,'""'*3%37 analysis
on the nonequilibrium carrier relaxation dynamics
(hundreds of fs decay) relies on carrier—carrier and
carrier-phonon scattering of intrinsic Dirac quasi-
particles, 3 j.e., the same characteristic dynamics of
graphene appeared in exfoliated, epitaxial- or CVD-
grown graphene. To date, no ultrafast carrier dynamics
in GO has been reported in the THz frequency range,
and the defect-trapping and recombination pathways
have been barely understood. We note that because
the physical mechanisms of free-carrier relaxation in
GO are different from those of graphene, ultrafast THz
studies may offer alternative ways of controlling the
carrier relaxation pathways, and potentially contribute
to development of efficient GO-based optoelectronic
devices.

The primary aim of this paper is to investigate the
role of defects on the carrier relaxation pathways in GO.
We present the transient changes of THz response of
various types of GO in order to identify the free-carrier
relaxation pathways depending on the excited pump
fluence F. Because of the small photon energy of the
THz radiation (4.1 meV at 1 THz), THz probes can
directly access the low-energy free-carrier response
to the photoexcitation. The defect properties of GO
were systematically altered via thermal annealing in
order to gradually reform the defect-rich GO character-
istics into the graphene-like ones. Specifically, we
employ high F up to 100 uJ/cm? that excites large
amount of carriers, which is strong enough to saturate
the trap states in GO. We observe a new recombination
pathway in annealed GO samples, which follows Auger
recombination that governs the initial free-carrier
decay under high F excitation. The extracted time
constant decreases with a threshold-like behavior as
F increases above 50 uJ/cm?. Corresponding THz peak
of transient conductivity signals are saturated as a
function of one-third order of F. Quantitative analysis
based on a simple two-level rate equation including the
trap-associated dynamics and the Auger recombination
strongly corroborates our experimental observations.

KIM ET AL.

RESULTS AND DISCUSSION

In our study, four samples including a pristine GO
and annealed GO samples of 200, 400, and 600 °C on
quartz substrates are prepared to investigate the
defect-density-dependent carrier relaxation dynamics.
To confirm the different carbon groups in GO, we per-
formed XPS measurements (Thermo U. K. k-alpha).
Figure 1a shows C; spectrum for various GO samples
as a function of binding energy. Each peak corresponds
to carbon groups with sp? chemical structure at 284.4 eV,
sp> at 2854 eV, O—C—0O/O—H at 286.2 eV, (=0
at 287.8 eV, O—C=0 at 288.5 eV, and COOH at
289.3 eV.***! Since the GO mainly consists of carbon
atoms with honeycomb lattice, the major peak related
to the sp? configuration is positioned at 284.4 eV. In
particular, the pristine GO sample shows large second-
ary peak (orange) at 285.4 eV that is correlated to the
sp> configurations representing disorder or defect-rich
characteristics; however, the relative intensity ratio of
284.4 eV (olive) to 285.4 eV (orange) increases with
increasing temperature because the thermal annealing
affects the restoration process of sp? hybridization
from sp® hybridization. Other peaks related to oxy-
gen-related functional groups decrease with increas-
ing annealing temperature. Therefore, while graphene
has a linear band structure with a cone shape between
conduction and valence band, GO has a gap associated
with defect levels resulting from the disorder or the
oxygen functional groups. As shown by AFM (Park
systems XE-100) images in Figure 1b, the average thick-
ness of GO samples is around 25—28 nm (approximately
20 layers of GO flakes), and each sample appears to be
uniformly deposited with the same amount. Figure 1c
shows the UV—visible absorbance spectra of the GO
samples (using Shimadzu UV-1800). Compared to the
pristine GO sample, the annealed GO sample of 600 °C
shows stronger excitonic resonance at 4.6 eV,** repre-
senting the characteristics of single-layer graphene and
the absorbance at 800 nm is about 3 times larger than
that of the pristine GO sample. We verified that the flake
size of the chemically exfoliated GO is around 0.2—1 um
and the filling factor f of the GO flakes is about 60—70%
using SEM image as shown in the inset of Figure 1c.

Ultrafast optical-pump THz-probe spectroscopy was
performed using a 50 fs, 250 kHz Ti:sapphire regen-
erative amplifier system (Coherent RegA 9050) that
excites the samples with photon energy of 1.55 eV. To
measure the time-resolved THz signals, the THz pulses
covering photon range of 3—11 meV are generated by
optical rectification and detected by electro-optic sam-
pling technique in a pair of 0.5 mm thick, (100)-
oriented ZnTe crystal; see the Supporting Information
for more details on the experimental setup. All mea-
surements were performed at room temperature.
Figure 1d shows an experimental scheme depicting
the effects of defect states which severely obscure the

VOL.8 = NO.3 = 2486-2494 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

2487



(a)
35
8
2
k%)
c
Q
£
284 285 286 287 288 289 284 285 286 287 288 289
Binding energy (eV)
(c) o2
—— Pristine
——200°C
——400°C
——600°C
8
=
£ o1}
5 °
2
OO 1 1 1 1
400 600 800 1000

wavelength (nm)

50
- pw
25.1nm WTE 3
% I L_
200°C
® M
= %
E o
?_E’ 50
2 2 400°C
T rrie g
0 & L0
50 54
25 600°C W
27.8nm
0
5 10 15 20
Position (um)
(d) )

. T
YAuger

Optical
pump

Figure 1. (a) XPS spectra of pristine and annealed GO samples. The measured data (black diamond) are fitted by simple
Gaussian functions (color lines). The ratio of sp” at 284.4 eV to other oxygen functional groups rapidly increases when GO is
annealed at temperature higher than 200 °C, indicating the property of GO undergoes an abrupt change. (b) AFM images
show the height of each sample is about 25—28 nm. (c) UV—visible absorbance spectra from 240 to 1100 nm. Inset: SEM image
of a monolayer GO film. On the basis of the image analysis, the estimated filling factor of GO flakes is around 0.6—0.7. (d) A
decay process of photoinduced carriers in the GO samples is shown on top of the band structure. Unlike pristine graphene, GO

samples contain defect states in THz range.

linear Dirac-dispersion property in the THz frequency
range. In general, when an ultrashort pulse excites the
GO samples across the valence to the conduction
band, highly nonequilibrium carriers are rapidly ther-
malized to the low-energy states of conduction band
within tens of femtosecond via optical phonon emis-
sion and carrier—carrier scattering.'®2° The main issue
is the decay dynamics of these thermalized carriers,
specifically the role of defect-trapped decay rate (y,)
and the nonradiative decay channel after saturating
the defects under high pump-excitation condition.
Later, we show that the Auger-scattering rate (yauger)
undergoes substantially increased behavior as the
defect-mediated decay is saturated, and this effect
becomes more significant as the submicrometer spa-
tial confinement of the GO samples (the dimension is
two or three order smaller than the wavelength of
300 um at 1 THz) increases with increasing the anneal-
ing temperature.

Figure 2a shows the pump-induced changes of THz
peak signals for various GO samples with different
annealing temperatures as a function of the pump—
probe delay At. As shown in the inset of Figure 2a, the
opposite sign between AE(t) and the reference THz
field Eo(t) indicates pump-induced increased carrier
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density.*® We note that the measured AE(t) of the
pristine and 600 °C annealed GO samples displays
significantly different amplitude and phase (see the
blue and red THz traces in the inset); these field-
resolved THz traces are used later to analyze the
complex conductivity in the frequency domain. For
the decay dynamics shown in main panel of Figure 2a,
while the amplitude change of the pristine GO sample
is relatively small and decays monoexponentially, the
peak AE(t) dynamics of the annealed GO samples
contains rapidly decaying components within At of
1 ps, and the subsequent decay exhibits slow relaxa-
tion in tens of picosecond. These abrupt changes of
peak amplitude and decay dynamics seemingly appear
when the annealing temperature is higher than 200 °C.
In other words, the measured changes of THz conduc-
tivity reflect the percolation behavior. As discussed
later on the spectral analysis (Figure 4), the DC con-
ductivity of the pristine GO sample, i.e., Ag;(w = 0,At = 0),
are fully suppressed, exhibiting a non-Drude response.
On the other hand, the corresponding DC conductivity
of the annealed GO samples is significantly increased,
indicating the presence of free-carrier Drude response
for the annealed GO. This increased Drude response
represents the percolation behavior that is quite
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Figure 2. (a) The transient THz peak dynamics for various GO samples with different annealing temperature. Inset: THz filed
traces of pristine and 600 °C annealed GO samples at At = 0.5. (b) Peak THz amplitude as a function of F. The measured data
show a one-third order function of F when annealing temperature is increased. Inset: signals converted to one-third order

dependence of pump fluence for F > 50 uJ/cm?.

different between the pristine and annealed GO sam-
ples. Recent investigations show that this percolation
action arises from the reduced number of defect states
by increasing the annealing temperature.** Because
the number of defect states is relatively small in the
annealed GO samples, it is expected that the defect-
mediated decay play a different role in determining the
relaxation pathways between the pristine and the
annealed GO samples.

To further understand the role of defects, we have
performed F-dependent measurements. Figure 2b dis-
plays the normalized THz peak signals —AE(t)/E, as a
function of F. To exclude the saturation effect of
the optical absorption (which typically occurs at F of
2 mJ/cm?),*? we have limited F below 100 uJ/cm?. In
case of the pristine GO sample, the signals increase
linearly with increasing F (see the purple dots). This
observation differs from the case of graphene, where
the nonlinear dependence of the peak —AE(t)/E, is
attributed to the distinguished aspect of Dirac quasi-
particles arising from the linear dispersion.***>%6 Be-
cause the energy dispersion of GO is not linear in the
THz range due to the intrinsically defect-rich character-
istics, a natural explanation for the experimental ob-
servation is that the rate of carrier capture in the lattice
defect is linearly proportional to the photoinduced
carrier density. For the annealed GO samples, on the
other hand, a saturation behavior is clearly seen with a
threshold F of about Fy, ~ 50 /U/cmz. Below Fy,, the
peak signals of —AE(t)/E, is linear due to the defect
trapping, whereas the nonlinear dependence appears
above Fy,. This F-dependent relationship in F > Fy, is
best fitted with one-third order power law as shown in
the inset of Figure 2b (see data for the 600 °C annealed
GO sample). Because the THz peak reflects the carrier
density, which is thermalized via carrier—carrier scat-
tering under high pump fluence, we attribute this cubic
root behavior to Auger recombination mediated by
three-particle Coulomb scattering. Under high pump
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Figure 3. (a) Fast decay component of biexponential fitting
from time-resolved data of Figure 2a is displayed as a
function of F for 200 and 600 °C annealed GO samples. In
both samples, the rapid decay with increasing F demon-
strates the Auger recombination. (b) Time-resolved THz
field dynamics of pristine GO, 200 and 600 °C annealed
GO samples at several F. In the pristine GO sample, the
defect-associated monoexponential decay is observed. In
200 and 600 °C annealed GO samples, the decay follows
biexponential function with increasing F. This indicates a
new decay channel via Auger recombination, which is
significantly enhanced by the defect saturation.

excitation F > Fy,, the relationship between the pump-
induced THz field changes AE and the pump fluence F
can be expressed as —AE(t = to)/Eg =< No — Yauger
No® ~ —Y Auger No>, where tg is the pump—probe delay
at the THz peak and Ny is the initial carrier density just
after photoexcitation, 204748

To investigate the dynamics of the Auger recombi-
nation pathway, we have performed time-resolved THz
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Figure 4. The pump-induced complex conductivity changes of Ac(w)/oo = Aoq(w)/og + | Agy(w)] g at (@) At = 0 ps just after
phoexcitation, (b) 0.5 ps, (c) 1 ps when Fis 100 ,uJ/cmz. To obtain the conductivity from the measured time-domain THz field,
the data are converted to the frequency-domain using a thin-film conductivity formula of Ao = —1/Zy(AE/ Ep)(ns +1),* where
Z, is the vacuum impedance, and ns = 1.54 is the quartz substrate refractive index. Spectrally resolved THz conductivity
presents defect-assisted decay in the pristine GO, and the Auger-dominant decay is enhanced by the defect saturation in the

annealed GO samples.

dynamics with varying F for the pristine, 200 °C, and
600 °C annealed GO samples. Figure 3a displays the
fast decay component 7; of biexponential function
(—AE(t)/Eg o< dN/dt o< A exp(—t/T¢) + (1 — A) exp(—t/13))
with increasing F for the dynamics of 200 and 600 °C
annealed GO samples, respectively. As discussed later
in the rate-equation analysis, that the first decay rate
(1/7,) of the biexponential function corresponds to the
fast yauger. For the second decay rate (1/75) of the
biexponential function, there are two decay processes
in the rate equation: one is the bulk-like relaxation of
GO flakes (1/tpy) and another is the relaxation into
the trap (yy). Between the two decay processes (1/Tpuik
and vy, 1/t contributes to the constant offset with
0.05 ps~' in the rate-equation model, and its rate is
much smaller than the y,. The extracted values of 7,
decrease with increasing F, suggesting that the Auger
recombination is enhanced by the surge of the photo-
carrier density. As shown in Figure 3b, the time-resolved
THz peak change reveals different relaxation behaviors
between the pristine and the annealed GO samples. The
pristine GO sample shows monoexponential decay with
the decay constant of 16 ps, which is independent of F.
On the other hand, the fast decay constant 7, of the
annealed GO samples decreases with increasing F. The
slow decay component shows no F dependence with
the decay constant 7, of around 15—20 ps.

For quantitative analyses on the different dynamics
with varying annealing temperatures, we have con-
structed a model that accounts for the charge trapping,
the bulk-like GO relaxation (GO flakes without defects)*®3°

KIM ET AL.

and Auger recombination pathway. When we con-
struct the rate-equation model, we neglect the carrier-
relaxation rate from the defects to the valence
band.**93° This is because the defect-trapping rate
is higher than that of the carrier relaxation from the
defects to the valence band. Our analyses are based on

the following coupled rate equations:*”"
dNGD NG .
at = ap VNOTO = Yauge(NO) A+ GO
dT(t)
== = — NG
dt yNOT(2)

M

where N is the photoinduced carrier density and T is
the density of unoccupied trap states. The fits (solid
lines in Figure 3b) show good agreement with the
time-resolved data. In the coupled rate equations,
pump-induced population density G(t) is the Gaussian
pulse of cross-correlation between the pump and
probe pulses. G(0) at pump—probe delay At = 0 is
determined by the absorbed photon density a that is
given by the excited F and the graphene optical
absorption 2Zy0 /(ns + 1) ~ 1.8%, where Z, is the
vacuum impedance, o, = e*7/4h is the quantum con-
ductivity, and ns = 1.54 is the refractive index of the
quartz substrate at the wavelength of 800 nm. When F
is 100 uJ/cm?, we assume that the annealed GO sample
at 600 °C is excited with o = 1.2x 10'> cm™?, and the
absorbed photon density of other samples are scaled
with the reduced absorption at 800 nm as shown in the
UV—visible spectrum of Figure 1c. The bulk recombination
pathway of GO is described by a term of 7y, which is
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TABLE 1. Fitting Parameters of eq 2 Shown in Figure 4a—c

samples” pristine GO 200 °C annealing
At 0ps 0.5 ps 1ps 0 ps 0.5 ps

wpl27 0 0 0 65 30

Wy 1/27 18.4 0 0 0 318

W\ 527 16.6 26.6 19.5 0 35.6

Wy 3/27 0 74.7 7.2 50.3 79.6

“Units of /27T, w1/27, w5127, and @ 3/277: THz.

fitted to 20 ps. The trapping of pump-induced carrier is
expressed with a coupling constant y; which is extracted
tobe2 x 107781 x 107'%,0.7 x 107 cm? s~ for the
pristine, 200 and 600 °C annealed GO samples, respec-
tively. The initial free trap density T; is extracted to be the
values of 4 x 10'",1.2 x 10"",and 0.8 x 10" cm™2for the
pristine, 200 and 600 °C annealed GO samples, respec-
tively. The extracted parameters corroborate the nature of
defect-trapping relaxation pathway; the defect density
decreases with increasing annealing temperature and
the decay through defect trapping is dominant at all
pump—probe delay for the pristine GO sample. For the
annealed GO samples, the initial rapid decays are inter-
preted as an Auger recombination term with Auger co-
efficient yauger Of 2 x 107" cm*s ™" for 200 and 600 °C
annealed GO samples. Note that the Auger coefficient in
the pristine GO (1 x 1072* cm*s™") is three order smaller
than that of the annealed GO samples. This supports our
interpretation that the dominant relaxation pathway in
the annealed GO samples is the Auger recombination.
The enhanced Auger recombination pathway is
further evidenced in the spectrally resolved THz re-
sponse. Figure 4 shows photoexcited complex sheet
conductivity changes Ao(w) [= o (with pump) - o
(without pump)] at several At when F = 100 uJ/cm?;
the top panel is for the pristine GO and the bottom
panels are for the annealed GO samples, respectively.
Strictly speaking, the measured data represent the
conductivity dynamics of the GO-air composite. To
extract the conductivity of GO flakes, we have used
the Bruggman effective medium approximation
(EMA);>? see the Supporting Information for more details.
The main point of the EMA results is that we can simply
rescale the conductivity of GO without significantly
changing the original response of the GO-air composite.
For a quantitative analysis, the experimentally obtained
THz response is fitted via a sum of Drude and muilti-
oscillator Lorentz model, i.e., A0 = 0prude + OLorentz

igowp2w

; 2
1EoW, k- W
OLorenz(@) = Z—
‘- w? — w2 +iol’

Oprude(®) =

where ¢ is the free-space permittivity, I" is the momen-
tum scattering rate, w,, is the plasma frequency, w, (is
the strength of k™ oscillator, and ok is the frequency of

KIM ET AL.

400 °C annealing 600 °C annealing

0 ps 0.5 ps 1ps 0 ps 0.5 ps 1ps

78 48 10 85 52 12
0 2.1 0 0 447 0
0 45 21 0 493 23

67.5 100.7 87.2 70.8 18.1 95.4

k™ oscillator. Of course, due to the nano- and micro-
structures of GO flakes, there is a possibility of back-
scattering contribution to the non-Drude response so
that a Drude-Smith model might be necessary to inter-
pret the Figure 4. However, recent investigation®® sug-
gests that the contribution of backscattering is not
significant if f is larger than 25% or so. Given that f in
our GO samples is 60—70%, we assume that the THz
response can be determined by the free-carrier Drude
response of GO flakes. The time-resolved dynamics
between the pristine and the annealed GO provide
additional evidence of the weak backscattering; if the
backscattering is significant such that the DC conductiv-
ity is completely suppressed, similar phenomena should
be observed both for the pristine and annealed GO
samples. Figure 4 shows that the high-frequency absorp-
tion is observed for the pristine GO at At = 0 ps, while the
corresponding spectra of annealed GO samples are
rapidly varying as a function of At. The results of fits are
shown in Figure 4 as solid lines, and the parameters
are presented in Table 1. We obtain best fits with three
oscillators that are resonant at 1.38, 1.85, and 3.4 THz with
T'Lorentz/27t of 0.8—1.6 THz in addition to the Drude-like
response with I'p,qe/27T of 1.6—2.4 THz. The multiple
oscillators are necessary to include the existence of both
the distributed defect states and the small THz energy
gap;'>*%* the effects of the two mechanisms are not
distinguishable from the THz measurements.

Unlike previously reported THz dynamics of gra-
phene, where pure Drude responses are typically
observed,'**** our GO samples shows significantly
different aspects. In the pristine GO sample, Figure 4a—c
(top panel) shows that the DC conductivity is strongly
suppressed and the defect-associated absorption os-
cillators overwhelm the high-frequency response for
all At.3** Whereas the multiple oscillators indicate the
presence of defect states, the suppressed DC conduc-
tivity (absence of plasma frequency w, in Table 1)
suggests that the relaxation dynamics is dominated
by the single decay channel mediated by defect
capture regardless of At. The observed monoexponen-
tial decay of time-resolved dynamics in Figure 3b
supports this scenario with negligible contribution of
the Auger recombination channel to the decay dy-
namics. For the annealed GO samples (bottom panels
in Figure 4a—c), the initial transient conductivity at
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At = 0 ps shows almost Drude-like free carrier re-
sponse. At At = 0.5 ps, the response contains both
Drude response and defect oscillators. Later when At =
1 ps, the contributions from the high-frequency oscil-
lators associated with defect trapping are dominant.
The decay process is concurrently illustrated in the
inset of Figure 4, where the density of defects (T) is
schematically shown as a width of square. y;and y auger
are the decay via defect trapping and Auger process,
respectively.

These different THz responses between the an-
nealed GO and the pristine GO sample can be under-
stood by comparing the relative ratio between pr
(Drude weight) and Y;—; w_ ,* (sum of oscillator
weight). For the case of 600 °C annealed GO sample,
the ratio of Drude weight ([w,/27]* = 7225 THZ?) to
other oscillators (S;_; [w, /27]* = 5013 THZ?) at At = 0
is 1.44: 1. Because the photoexcitation density (1.2x
102 cm™?) is well above the defect density (0.8 x
10"" cm™?), the decay through defect trapping is easily
saturated. The third-order-power dependence in
Figure 2b supports the THz data that the rapid carrier
relaxation is indeed governed by the Auger recombi-
nation pathway. The increasingly large Auger coeffi-
cient obtained via rate-equation analyses further
substantiates our observation. Thus, the coexistence
of Drude and oscillator response can be understood by
the effects of defect saturation (multiple oscillators) and
free-carrier response. When At is 0.5 ps, the ratio of
Drude weight to the other oscillators is reversed to 1:6.8.
This can be understood by considering both the rapidly
decreased DC conductivity (by Auger recombination)

METHODS.

Preparation of Pristine and Annealed GO Samples. We prepared GO
samples from graphite powder by modified Hummer's method.>*
First, the natural graphite powder was mixed with potassium
peroxodisulfate and phosphorus pentoxide in sulfur acid condi-
tion and the solution was stirred at 80 °C for 10 min. The resultant
mixture, then, was cooled down to room temperature and stirred
for 6 h. Second, the mixture was rinsed with deionized water and
filtered until it became neutral. After drying the preoxidated
graphite overnight, dried graphite was oxidized again with potas-
sium permanganate at 0 °C in ice bath until the graphite was
totally oxidant with slow rate. Third, the product was aged and
stirred at 35 °C for 2 h with distilled water. After the reaction was
terminated, a large amount of water and hydro peroxide was
added, followed by filtering and washing with HCl in order to
eliminate metal ions from oxidants. Finally, after dialysis of oxidized
graphite, the suspension was exfoliated by sonication and cen-
trifuged to remove graphite powder not reacting with oxidant.
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and the slowly appeared response of high frequency-
oscillators by defect trapping. At At = 1 ps, because the
free carrier responses are almost vanished, the remain-
ing response can be explained by the oscillators alone. It
is interesting to note that the above transient conduc-
tivity dynamics is similar to that of the all annealed GO
samples, except the pristine GO sample. It means that
the relaxation pathway of carrier dynamics is abruptly
switched from the defect-dominated relaxation to the
Auger recombination when the annealing temperature
is increased above 200 °C.

CONCLUSIONS

In conclusion, we have investigated the kinetic
origin of rapid carrier relaxation in a various set of GO
samples. The pristine GO sample has a decay channel
dominated by defect trapping with a monoexponen-
tial decay, which leads to a linear F dependence. When
the annealing temperature increases higher than
200 °C, we have observed a new decay channel induced
by Auger recombination. The threshold F was 50 uJ/cm?,
and the peak conductivity is proportional to the cubic
square root of F. The coupled rate equation including
defect trapping and Auger recombination explains
well the time-resolved decay dynamics. Spectrally
resolved transient THz conductivity strongly corrobo-
rates that the Auger recombination becomes domi-
nant after saturating the defect states. We believe
that these investigations will provide experimentally
valuable insights in future studies to understand the
carrier relaxation dynamics in GO or in developing
ultrafast GO-based optoelectronic devices.
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