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Abstract. Photothermal therapy with various nanoparticles, as photothermal transducers, is a widely
researched technique. A continuous wave (CW) laser is employed during this procedure. The therapeutic
setup is slightly modified to measure the optical absorption cross-section of the graphene oxide (GO), by mit-
igating the effects of heat diffusion and light scattering. With an 808-nm CW laser setup modulated by a wave-
form modulation setup, the effect of nanoparticle size and composition of GO in water on optical absorption cross
section is characterized. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.8.085007]
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1 Introduction
Photothermal therapy is a medical procedure based on light-to-
heat conversion for selective destruction of targeted cells.
Considering the entire spectral range from ultraviolet (UV) to
infrared (IR), the near-IR (NIR) region provides some advan-
tages for photothermal therapy since absorption by water is
small and light has a relatively deep penetration depth in
tissue.1–10 A critical component of photothermal therapy is a
photothermal transducer that can absorb and convert NIR
light into heat with high efficiency.2–8,10–15 In recent years, gra-
phene oxide (GO) has received interest as a potential photother-
mal transducer due to excellent biocompatibility, high loading
efficiency, and the capability of conjugating a large variety of
functional groups on the surface to target various cell
types.1,10,11,16–24

An important property of a photothermal transducer is
absorption cross section, which determines the photothermal
potential of an agent to absorb incoming light.1,25,26 Among
the graphene family, the absorption cross section of graphene
at 660 nm has been reported by Yi et al. and Khan et al.18,27

by utilizing the slope of the absorbance per unit cell length
against the concentration of the suspension in the cell.
However, there was a difference in the reported value for gra-
phene. Yi et al.20 reported absorption cross section of graphene
at 660 nm to be 36.00 ml∕ðmg:cmÞ, at a lower concentration (20
to 40 μg∕ml) based on the Lambert–Beer law. While Khan et al.
showed that at higher graphene concentrations of 0.1 to
1 mg∕ml, the absorption cross section can vary from 24.60
to 36.20 ml∕ðmg:cmÞ and is relatively insensitive to processing
procedure.18,27 However, the reason behind these variation in

reported results have not been accounted. It should be worth
noted that the values reported by Khan et al. and Yi et al. for
graphene was molar absorptivity or molar attenuation coefficient
( ml
mg:cm) while absorption cross section is absorptivity ×
103×log10ðeÞ

Avogadro number
(cm2), where absorptivity is expressed in decadic

form.
Ideally, with no scattering involved, the absorption cross sec-

tion should remain the same irrespective of the concentration or
the size of the nanoparticle in the suspension and vary with car-
bon to oxygen content of the GO nanoparticles. However, in the
suspension, scattering cannot be completely eliminated.
Scattering will affect absorption profile (or, the noise floor)
of the detected signal with IR camera. As shown in Eqs. (1)
and (3), increase in scattering increases the energy lost to the
surroundings, typically due to scattering and heat diffusion (rep-
resented as ˙Qlost), thereby reducing ˙Qin and ˙Qw. This, in turn,
would affect the accuracy of computations of absorption coef-
ficient and thereby the absorption cross-section values.

The accuracy in calculation of the absorbance per unit length
(or absorption coefficient) by Lambert–Beer law depends on
several factors, such as the particle size and concentration
and the system noise. As the concentration of the suspension
in consideration is increased, the chances of scattering increase.
This brings in more uncertainty in accuracy of computing
absorbance as the chances of reabsorption of the scattered
light increases with concentration. Moreover, the effect of noises
in the measurement system on the computation is an unknown
factor and might affect the computed slope. In order to reduce
these uncertainties, development of in situ measurement tech-
nique was necessary.

The in situ system is designed to evaluate the absorption
coefficient of nanoparticle suspension under reduced
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uncertainties. First, the concentration of the suspension for a
given particle size is fixed to reduce the loss due to scattering.
The highest concentration of the suspension with a similar scat-
tering profile as that of an optical standard and/or a standardized
absorber (with a known/computed scattering to absorption per-
centage) is considered for estimation of absorption coefficient.
Second, the heat lost to the surroundings by diffusion process is
minimized by utilizing a pulsed laser over to a continuous laser,
with a pulse duration far less than the thermal relaxation time of
the nanoparticle suspension. Pulses were generated by modulat-
ing the current to the laser diode [continuous wave (CW) laser],
thereby controlling the power and pulse duration of the laser
diode. Moreover, utilizing the filters and Fourier domain com-
putation, the effects of noises such as laser intensity fluctuations
and external environment were minimized.

2 Theory
In general, the energy balance equation for laser energy absorp-
tion rate (Q

:

in) of single nanoparticles in suspension can be writ-
ten as28

EQ-TARGET;temp:intralink-;e001;63;531Q
:

in ¼ VgρgCg
dTg

dt
¼ VgμαϕðtÞ −Q

:

lost: (1)

In Eq. (1), Vg is nanoparticles volume, ρg and Cg are nano-
particles density and specific heat capacity, and Tg and t are
nanoparticles temperature and time, respectively. On the right
side of Eq. (1), μα is the absorption coefficient of the nanopar-
ticles, ϕðtÞ is the laser beam of fluence, and Q

:

lost is the heat loss
rate. The term for heat loss rate Q

:

lost includes rate of energy lost
from light backscattered from the surface and transmitted
through the sample and thermal heat loss rate to surroundings
of the nanoparticles. For laser pulse duration shorter than ther-
mal diffusion rate, the effect of heat loss rate is neglected.29

When the laser pulse is turned off, the absorbed heat energy
will begin to equalize with the surroundings, and the energy con-
servation equation can be expressed as

EQ-TARGET;temp:intralink-;e002;63;346Q
:

w ¼ Q
:

g ¼ VgρgCg
dT 0

g

dt
¼ mwCw

dTw

dt
; (2)

Q
:

w and Q
:

g denote the energy variation rate of water and nano-
particles, and m and C are the mass and the calorific value, the
subscripts “w” and “g” stand for water and nanoparticles,
respectively. By the following assumption that, all the absorbed
laser energy in irradiation time would be transferred to the sur-
rounding medium, the new form of the energy conservation
equation can be expressed as

EQ-TARGET;temp:intralink-;e003;63;226Q
:

w ¼ Q
:

in → VgμαϕðtÞ ¼ mwCw

dTw

dt
: (3)

Equation (3) in term of surrounding medium temperature
variation rate can be rewritten as

EQ-TARGET;temp:intralink-;e004;63;163

dTw

dt
¼ wgμαϕðtÞ

ρgCw

; (4)

where wg ¼ mg∕mw is a weight ratio. The absorption cross sec-
tion of the nanoparticles can be obtained from the absorption
coefficient30 as

EQ-TARGET;temp:intralink-;e005;326;752σ ¼ μα
N

¼ μα
ρb

ma

Na
; (5)

where N is the atomic or molecular number density (or, number
of particles in unit volume), ρb is the bulk density, ma is the
molecular mass, and Na is the Avogadro’s number. The molecu-
lar dynamics (MD) simulation method31 was applied for calcu-
lation of atomic molar mass and nanoparticles density.32–35

A time-domain approach to calculate the absorption cross
section may be used, but the computation accuracy might be
influenced by the fluctuations that can arise from laser intensity
and external environmental variations. The lateral diffusion is
dependent on the thermal relaxation time. The thermal relaxa-
tion time is given as

EQ-TARGET;temp:intralink-;e006;326;599τ ¼ d2

16x
; (6)

where x is the thermal diffusivity of the dispersing media
(mm2∕s) and d is the diameter of the laser beam spot size on
the sample (mm). The laser modulation is set to a frequency
whose time period is less than the relaxation time of the suspen-
sion to ensure thermal relaxation does not occur during the
experiment. While the minimum limit on the frequency of
modulation is set by the relaxation time of the suspension,
the maximum is dependent on the maximum frame rate of
the IR camera for the acquisition.

The light scattering by nanoparticles is an unwanted effect
for computing the absorption cross section. Although the scat-
tering cannot be avoided, it can be reduced. The scattering
model for the nanoparticles is dependent on the size of the par-
ticles with respect to the irradiating wavelength.36 If the nano-
particle of average radius a is excited by the laser wavelength λ,
the size parameter, ar, and the effective radius, a are given as

EQ-TARGET;temp:intralink-;e007;326;380ar ¼
2πa
λ

; (7)

EQ-TARGET;temp:intralink-;e008;326;337a ¼
�
3V
4π

�
1∕3

; (8)

where V is the volume of a particle with an arbitrary shape.30

The GO sheets have the planar geometry and its effective radius
is given by Eq. (7), which can be rewritten as

EQ-TARGET;temp:intralink-;e009;326;264ar ¼
2πð3 � l � s � t∕4πÞ1∕3

λ
; (9)

where l and s are sheet lateral dimensions and t is the thickness
of GO sheet.

Scattering of light by a spherical nanoparticle of any size can
be modeled with Mie scattering theory. However, if the size
parameter ar ≪ 1 (as in ultrasmall nanoparticle case), the
model reduces to Rayleigh scattering model. For original GO
particle (nearly 1 to 5 μm), the particle is big in comparison
to λ. Hence, the diffraction effects of light rays need to be
accounted, giving rise to variabilities in absorption cross-section
computation by the experiment. Irrespective of the model, the
intensity of the backscattered light from the sample increases
with the size and the concentration of the particles. The back-
scattered light might reduce the energy available for absorption,
as some of the backscattered light will scatter back from the
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surface of the sample. Moreover, this backscattered light could
alter the observed temperature, as measured by the IR camera,
giving rise to possible erroneous results for absorption cross
section. Thus, it is preferable to reduce the backscattering by
reducing the nanoparticles size (preferably, an order lower
than λ, i.e., ar ≤ 0.1 ⇒ a ≤ λ∕20π). At 808-nm wavelength,
the effective radius a is 128.6 nm for ar ¼ 1. This implies
that the effect of diffraction needs to be considered if the particle
radius is >128.6 nm. Thus, based on Eq. (9), the product of
particle dimension should satisfy the condition to consider
Rayleigh scattering model for 808-nm wavelength excitation:
ð3 � l � s � t∕4πÞ1∕3 ≤ 12.9 nm.

The scattering cross section (σsca) of a spherical particle,
based on the Rayleigh scattering model, is directly proportional
to a6 with backscattering as similar to the forward scattering
profile.37 Reducing scattering reduces the chances of multiple
scattering and reabsorption of scattered light by nanoparticles.
Assuming the heat loss, such as from lateral diffusion, is neg-
ligible, the reduction in scattering, by utilizing smaller particles
size (typically, 10 to 100 nm in diameter), leads to an increase in
the intensity of the light available for absorption. Moreover, the
experimental results of UV–vis spectroscopy show that reducing
the GO nanoparticle size increases the absorbance of the sample
at equivolume and concentration, corroborating with observa-
tions by Robinson et al.38 This increase in absorbance increases
the computed absorption coefficient and absorption cross sec-
tion. Assuming no other loss, the efficiency factor of absorption
[ηabs ¼ σ∕ð4πa2Þ] increases as the efficiency factor of scattering
[ηsca ¼ σsca∕ð4πa2Þ] reduces, as given as

EQ-TARGET;temp:intralink-;e010;63;433ηext ¼ ηabs þ ηsca; (10)

where ηext is the efficiency factor of the incident laser beam.
Moreover, the scattering coefficient (μsca) is proportional to

the concentration of the nanoparticles. Thus, reducing the con-
centration of the nanoparticles reduces scattering and the chan-
ces of multiple scattering and reabsorption, thereby increasing
the accuracy in calculating absorption cross section by this
method described in Sec. 3. However, the concentration cannot
be reduced so low that the thermal signature of the nanoparticle
is undiscernible by the IR camera from its surroundings.
Thus, there is a trade-off that is necessary in deciding the con-
centration required for conducting the experiment for calculat-
ing the absorption cross section—thermal signal and scattering
coefficient.

The time-domain analysis to compute the absorption cross
section, using the above concepts and equations, can be imple-
mented. However, the time-domain analysis is prone to the fluc-
tuations that can arise from the external environment and/ or the
laser intensity variation. Hence, it is preferable to use a Fourier-
domain analysis with a modulating signal. Utilizing the analytic
signals for the temperature and laser fluence, T ¼ T0ei2πft, and
φ ¼ φ0ei2πft, respectively, and applying it to the magnitude of
the Fourier-domain equivalent of Eq. (3), the absorption coef-
ficient of the sample is given as

EQ-TARGET;temp:intralink-;e011;63;150μα ¼
2πfρgCwT0

wgϕ0

: (11)

Since the absorption coefficient and particle concentration
of the sample are not a time-dependent component, Eq. (5)
can be used to compute the absorption cross section of the
nanoparticles.

3 Methods
The absorption cross section of the nanoparticles is measured by
modulating the power of the CW laser of the therapeutic setup,
after minimizing the scattering of the nanoparticles. The modu-
lation frequency is determined after calculating the relaxation
time. The therapeutic setup and the modifications for computing
absorption cross section are described below. Also, molecular
dynamic simulation is provided to calculate the molar mass
and density of the particles.

3.1 GO Preparation

In this study, the two different types of GO with oxygen-to-car-
bon ratio of 0.12 and 0.21 were provided by graphene supermar-
ket. Both types of stock GO were sonicated, using a probe
sonicator (Sonicator 3000, Misonix Inc., New York) at a total
power output of 100 W with different operation time durations
(1 and 2 h), to produce different sized GO sheets samples. To
monitor size reduction, atomic force microscopy (AFM) (SPM,
Veeco Instruments Inc.) operating at tapping mode was utilized.
The optical density of an aqueous dispersion of GO (40 μg∕ml)
in each time interval of the experimental procedure has been
obtained using UV–vis spectroscopy (Infinite M200, Tecan
Systems Inc.). The Raman spectrum of GO samples with
514-nm excitation was recorded using an Alpha 300 spectrom-
eter (WITec GmbH, Germany).

3.2 Therapeutic Setup

The therapeutic setup consists of a CW laser diode, emitting at
808 nm, which is coupled into multimode optical fiber (BFL48-
1000, Thorlabs Inc.). Laser diode current and temperature con-
trollers (LDC 240C and TED 200C respectively, Thorlabs, Inc.)
aide in maintaining constant emission wavelength and output
optical power of the laser diode. The end face of multimode
optical fiber is imaged to a spot size of 6 mm diameter on
the surface of the GO suspension, with an aspheric condenser
lens (f ¼ 20.35 mm) (ACL2520U-B, Thorlabs Inc.). The tem-
perature of the GO suspension was recorded using a temperature
calibrated InSb IR camera (FLIR systems, Inc., SC4000
MWIR).

3.3 Measuring Absorption Cross Section and
Scattering Profile

The setup to measure the absorption cross section includes pro-
viding a modulation signal to the laser diode current controller
and synchronizing IR camera. The modulation signal sent to the
laser diode current controller controls the power of the laser,
thereby making the CW laser—a long duration pulsed laser.
The modulation frequency is dependent on the thermal relaxa-
tion time of the nanoparticle. Acquisition control signals for IR
camera synchronize the frame captured with laser operation.
The modulation signals and frame acquisition controls were pro-
vided by two function generators (33250A, Agilent Inc. and
model 645, Berkeley Nucleonics Corp.) and a digital delay gen-
erator (DG535, Stanford Research Systems, Inc.). The same
setup is also used for characterizing the scattering profile of
the nanoparticles. However, for characterizing the scattering
profile, the modulation signal to the current controller modifies
the CW laser to produce a short pulse and an image is acquired
at the end of the pulse with the help of a synchronized frame
acquisition signal to the IR camera. For this study, electronic
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control was preferred as it provides accurate control on modu-
lation frequency. The schematic of the control has been provided
in Appendix.

3.4 Characterization of Black Absorber

A 250-nm thick black absorber is used for comparison with GO
nanoparticles dispersion solution. The scattering of this black
absorber was characterized by comparing it with an optical dif-
fusive standard (WS1 reflective standard, Ocean optics Inc.).
The above-mentioned 808-nm CW laser setup was modulated

by a square wave, with modulation signal parameters being
the same as in the calculation of the absorption cross section.
The beam from the multimode fiber, collimated by an aspheric
condenser lens (f ¼ 20.35 mm) (ACL2520U-B, Thorlabs Inc.),
was positioned at the end of a port of an integration sphere (gen-
eral purpose integrating sphere, Labsphere Inc.). The test
material at the second port of this integration sphere was irra-
diated by the collimated beam from the first port. A power meter
(StarLab suite, Ophir Optronics Solutions Ltd.) was placed at
the third port of the integrating sphere to measure the power
at the port.

Fig. 1 AFM image of (a) GO, (b) small GO, and (c) ultrasmall GO, PDI image of (d) GO, (e) small GO, and
(f) ultrasmall GO (scale bar is 100 nm), (g) Raman spectra, and (h) UV–vis spectra of the samples.
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3.5 Molecular Dynamics Simulation

The GO coordinates were built using visual molecular dynamics
(University of Illinois at Urbana-Champaign) and open source
molecular editor software, Avogadro 1.90.0 (Avogadro develop-
ment team). The structure was then minimized with the
gromos54A7 force field using automated force field topology
builder.32,33 MD simulations were carried out using GROMACS
5.1.4 simulation package to study the dynamics of GO in aque-
ous phase.34,35 All carboxylate groups were deprotonated, and
for water molecules, the SPC model was used in a cubic box
with at least 3-nm distance from the both 8 to 12 nm and
120 to 160 nm rectangular GO sheet (positioned at the center).
The simulation box was filed with NaCl 0.01 M to satisfy ionic
strength and neutralization condition.31 Initial energy minimiza-
tion, followed by equilibration at NVT (constant number of par-
ticles, volume, and temperature) and NPT (constant number of
particles, pressure, and temperature) were performed on the sys-
tem and then MD was performed at 300 K over 5 ns. The tra-
jectory was then analyzed for deviation (RMS value) to estimate
the atomic molar mass and density using GROMACS tools.33

4 Results and Discussion

4.1 GO Characterization

The size of nanosheets was decreased, by 1 and 2 h sonication,
to produce small GO and ultrasmall GO, respectively. The mor-
phology and polydispersity index (PDI) of GO sheets were char-
acterized by AFM (Fig. 1). Images indicate that the size
reduction of GO sheets is consistent with increased sonication
time. Prior to sonication, the lateral size of GO sheets ranged
from 0.5 to 5 μm [57% above 3 μm, Figs. 1(a) and 1(d)] while
1 h sonicating period reduced the size of sheets to a range of 20
to 400 nm with average size of 166 nm [Figs. 1(b) and 1(c)]. By
increasing the sonication time to 2 h, the size spread reduced
further ranging from 6 to 166 nm with average size of
12 nm [Figs. 1(c) and 1(f)]. Furthermore, defect formation dur-
ing sonication process was investigated by Raman spectroscopy
[Fig. 1(d)]. Before sonication, GO spectra showed two distinc-
tive peaks at ∼1370 and ∼1620 cm−1, which correspond to D
and G bands, respectively. A 2-h sonication shifted the G band
toward higher values due to the oxygenation of the functional
group. In addition, the ID/IG ratio increased from 0.81 for pre-
sonication to 1.89 and 2.4 after 1 and 2 h of sonication, respec-
tively, suggesting GO defects increase with longer probe
sonication.1,17,39 Then, samples have been examined by UV–
vis spectroscopy. As shown in Fig. 1(e), ultrasmall GO (with
an average size of ∼12 nm) has a higher optical absorbance
as compared to small GO (with an average size of ∼166 nm)
and GO, especially around 800 nm wavelength (inset picture).
The increase of dispensability properties of ultrasmall GO may
increase light absorption during spectroscopy.

4.2 Minimizing Heat Loss Through Lateral Diffusivity

A sample holder (in this case, a standard 96-well plate) with
enough breadth and depth was utilized, ensuring the scattered
light through the walls of the sample holder is negligible.
Time necessary for heat loss through lateral diffusion was com-
puted according to Eq. (6). An appropriate laser pulse far shorter
than the time for lateral heat diffusion was chosen, thereby mit-
igating the effects of lateral heat diffusion.

Thus, for a thermal diffusivity of water, the lateral thermal
relaxation time was computed to be 1.78 s (sample spot size
of 2 mm diameter is chosen to ensure that reflection of the
light is minimized from the boundary of sample with the sample
holder). So, a laser pulse repetition rate of 2 Hz was chosen with
a 50% duty cycle so that the pulse duration of 250 ms is well
below the lateral thermal relaxation time.

4.3 Minimizing Heat Loss Through the Scattering
Effect

To mitigate the effects of heat loss owing to light scattering, a
time series of spatial temperature variation was recorded using
the IR camera at different concentrations of both small and ultra-
small GO (0.25, 0.5, and 1 mg∕ml) placed in the sample holder
and compared to the corresponding profile of a standardized
black (at 808 nm) absorber. First images of each sample after
emission of a 25-ms laser pulse were used to obtain the variation
of the surface temperature along the diameter of the surface pro-
file. Since the lateral heat diffusion has azimuthal symmetry, the
profile was fitted to a Gaussian curve. The sample with a similar
lateral profile to that of a characterized black absorber against an
optical standard (backscattered intensity of black absorber is
9.8% of the incident intensity) was chosen to compute cross-sec-
tion absorption. To find the optimized concentration of both
small and ultrasmall GO to reduce scattering effect, the temper-
ature profile of various small and ultrasmall GO concentration
was compared to a reference black absorber [Figs. 2(b)–2(d)].
The optimized concentration of both small and ultrasmall GO
that meet the aforementioned condition was 0.25 mg∕ml (see
C parameter in Table 1).

As mentioned in Sec. 1, the total energy lost due to scattering
from the GO suspension is dependent on two factors of the sus-
pension: size of the particles and the concentration of the sus-
pension. When computing the absorption cross section of
nanoparticles by using Lambert–Beer law, absorbance of
equal volume of different concentration suspension (same-
sized particles) is used. However, the energy lost due to scatter-
ing of different concentration suspensions is different, and this
variation needs not be linear. This means the accuracy of this
slope (absorption coefficient) of the absorbance per unit length
against concentration curve is variable due to the concentration
range under experimentation. Moreover, this slope value can
drastically change with the particle size in consideration.

However, by evaluating the heat loss due to scattering and
fixing the loss against a standardized scattering material, the
concentration of the suspension, for the sample with a range
of particle size, to be used for the computation of absorption
coefficient is fixed. This characterization fixes the energy avail-
able for absorption of heat by the GO suspension. This implies
that the concentration of the GO suspension used for computa-
tion of absorption coefficient should be smaller as the particle
size increases for a fixed heat loss due to scattering.

In ideal case, irrespective of the particle size and concentra-
tion, the absorption coefficient should be same across different
samples for a fixed input fluence. Hence, as long as the radius of
particles are smaller than λ∕2π, the results should theoretically
remain the same. However, as shown in Table 1, the variations in
spatial temperature spread are larger for larger-sized particles.
This variation can be attributed to the variations in particle
size as suggested by PDI from AFM analysis of the samples.
Typically, the larger (e.g., small-sized particles) sized particle
batch are produced by sonication of the original material for
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lesser time, which end up having larger variations in particle size
distribution within the batch.

4.4 Absorption Cross Section

As shown in Eq. (5), the atomic molar mass and GO density are
needed for calculating the absorption coefficient and absorption

cross section. The ma and ρg, obtained from MD simulation, are
dependent on GO sheet size and oxygen to carbon ratio. The
average GO sheet size for small and ultrasmall GO was obtained
from Fig. 1, and results were presented in Table 3. The magni-
tude of the absorption coefficient was calculated on a laser pulse
basis. To measure the temperature per pulse, T0, 400 μl of
0.25 mg∕ml of small and ultrasmall GO with oxygen-to-carbon

Table 1 Scattering evaluation of small and ultrasmall GO at various concentration T ðxÞ ¼ ae½−ðx−b∕cÞ2 � þ d .

Parameters

Small GO Ultrasmall GO

Black paper0.25 mg∕ml 0.5 mg∕ml 1 mg∕ml 0.25 mg∕ml 0.5 mg∕ml 1 mg∕ml

a 0.3765� 0.052 0.674� 0.02 1.75� 0.2 0.507� 0.025 1.155� 0.01 2.108� 0.11 45.32

b 55.87� 1.51 57.34� 1.97 55.37� 0.79 52.667� 0.79 54.695� 0.51 53.525� 0.61 56.16

c 13.81� 2.37 18.29� 1.54 31.74� 2.98 13.84� 1.02 17.522� 0.87 27.812� 1.722 14.92

d 15.01� 0.02 14.95� 0.02 14.2� 0.14 14.595� 0.02 14.53� 0.02 14.132� 0.09 18.22

Fig. 2 (a) Schematic of setup to measure absorption cross section. Scattering profile of (b) Ultra-small
GO at different concentration, (c) black paper, and (d) small GO at different concentration. The resolution
of the CCD array of the IR camera is 38.8 μm∕pixel with a noise equivalent temperature difference of
18 mK.
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ratio of 0.12 and 0.21 were placed in a sample holder and irra-
diated by NIR laser pulse. An IR camera-monitored temperature
rise for a minute [Fig. 3(a)], the profile was filtered with a band
pass filter centered at 2 Hz [Fig. 3(b)] to ensure that the slope is
not affected by intensity noise. To calculate φ0, the time varying
power was obtained over 50 s of pulse using a power meter
[Fig. 3(c)]. Fast Fourier transform (FFT) of the temperature
and power data confirms a 2-Hz signal frequency [Figs. 3(d)
and 3(e)]. As shown in Fig. 3, the laser power is 0.5 W so
laser fluence was 1.77 W:cm−2. By substituting Cw ¼
4178.62 J ðkg:KÞ−1 and f ¼ 2 Hz, the absorption coefficient t
and absorption cross section of GO shown in Table 3. Although
numerous studies have been reported investigating the potential
application of GO as a photoabsorber, the absorption cross sec-
tion of these particles was unclear.

As presented in Table 3, the absorption cross section is de-
pendent on the sheet size and chemical functional groups of GO.
For instance, in the same sheet size, the absorption cross section
and the absorption coefficient of GO nanoparticles decreased
with increasing oxygen-to-carbon ratio. Moreover, by increas-
ing the sheet size of GO with the same oxygen-to-carbon
ratio, the absorption cross section increased for the same oxy-
gen-to-carbon ratio. However, the absorption coefficient is
slightly smaller for larger particles, probably owing to the higher
scattering with the particle size and the concentration as dis-
cussed in theory, thereby reducing the temperature rise. With
a decrease in the absorption coefficient for larger-sized particles,
one would expect the absorption cross section to reduce.
However, the factor of increase in molecular mass of the particle
with an increase in the particle size is much greater than the
factor of reduction in the absorption coefficient with an increase
in the particle size, computed experimentally based on Eq. (11).
Hence, there is an increase in the absorption cross-section values
with increase in particle size. Absorption efficiency of the

nanoparticles correlates directly with the absorption coefficient,
with absorption efficiency reducing with the particle size due to
the increase in scattering.

The effect of size distribution of GO sheets on the absorption
cross section is another interesting parameter that should be con-
sidered. The size of each GO sample was determined by average
mean radius hai, with a γ as standard deviation in size uniform-
ity that expressed as a percent of hai. To investigate the size
distribution effect, the absorption cross section of five GO sam-
ples with same average mean radius hai and different γ was cal-
culated as shown in Table 2. The effect of size distribution can
be applied using the average over the appropriate size distribu-
tion function. The scattering cross section based on the Rayleigh
model is proportional to a6, so the average size value was found
by replacing hai6 by ha6i. By using the Gaussian distribution
function ha6i is given as

Fig. 3 (a) Temporal profile of temperature versus time of small and ultrasmall GO, (b) filtering result of
plot A (ultrasmall GO), (c) temporal profile of power versus time measured by power meter, (d) FFT result
of plot a small GO, and (e) FFT result of plot (c).

Table 2 Absorption cross section of GO: C ¼ 0.25 (mg∕ml), ðo∕cÞ ¼
0.21 in various size and oxygen to carbon ratio (0.25 mg∕ml).

Sheet
size (nm)

Standard
deviation
γ (%) ρg ( g

cm3) ma (
kg
mol) μα ( 1

cm) σ (cm2)

12 0 2.258 88.85 32206 1.90 × 10−11

5 2.258 88.85 33493 1.98 × 10−11

8 2.258 88.86 33172 1.96 × 10−11

13 2.258 88.87 33816 1.99 × 10−11

16 2.258 88.89 33172 1.96 × 10−11

21 2.258 88.92 32850 1.94 × 10−11
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EQ-TARGET;temp:intralink-;e012;63;600ha6i ¼ 1ffiffiffiffiffi
2π

p
γ

Z∞

−∞

a6 exp

�
−
ða − haiÞ2

2γ2

�
da: (12)

This equation yields

EQ-TARGET;temp:intralink-;e013;63;542ha6i ¼ hai6 þ 15hai4γ2 þ 45hai2γ4 þ 15γ6: (13)

Because γ∕a is small, the equation with good approximation
can be rewritten as 15ðγ∕haiÞ2. The presented results in Table 3
show that the effect of the particle size distribution on the
absorption cross-section is <5%. These results are in agreement
with previous reports.40

As mentioned in the previous section, during computation of
absorption cross section by this technique, the loss from heat
diffusion process is minimized and the loss due to scattering
is characterized. This increases the accuracy in the computation
of absorption cross-section, as the uncertainty is quantified.
Moreover, the result from this computation should be robust
over different samples from the batch and across batches
with different particle sizes. This is due to the results being
obtained from the response of individual samples, with losses
quantified. The deployment of Fourier-domain computation
reduces the effect of external noise sources such as laser inten-
sity noise on the results. The only issue with this technique is not
taking the effect of diffraction into consideration during analy-
sis. However, this drawback can be minimized by sonicating the
sample batch for longer durations, thereby ensuring a large

percentage of the particles used for experimentation have a
radius smaller than λ∕2π.

The presented results are in good agreement with other
experimental studies reported by Li et al.,19 Khan et al.,18

and Hernandez et al.27 The absorptivity of graphene is higher
than the calculated value for GO. This may have related to
the isolation of sp2-bonded atoms in GO structure due to the
presence of oxygen containing functional groups.19

5 Conclusion
In this study, absorption cross section of GO at 808 nm has been
measured in the frequency domain by utilizing the Fourier
analysis to reduce the laser intensity noise and other external
variations, such that the chosen modulation frequency does
not interfere with the environment. This measurement technique
computes the absorption coefficient and absorptivity directly
with minimization of various optical and thermal effects in
the measurement process. However, in order to compute the
absorption cross section, simulation and/or theoretical calcula-
tion is necessary to compute the number of particles in the sam-
ple. With proper care in experimentation, this technique may
increase the robustness of computing absorption cross-section
by reducing the variabilities of considered concentration and
applied frequency. This is due to the fact that the losses are mini-
mized and quantified with the absorption coefficient results
computed on a per sample basis.

Moreover, this phototransducer characterizing technique can
be extended to compute the absorption coefficient and absorp-
tion cross section of several different phototransducers. Several
different single and multilayered phototransducers, which are
being developed for effective and localized thermal treatments
to kill cancerous cells. This technique can also be deployed to
characterize these transducers per batch basis and account for
variations in the batch, thereby optimizing the dosimetry of sus-
pensions used for treatment.

From the experimental results, it is clear that the absorption
cross section of GO nanoparticles reduces with increasing oxy-
gen content in GO and reducing the particle size. However, the
absorption coefficient of larger size particle is lesser owing to
reduction in energy available for absorption with increase in
scattering that accompanies with increase in particle size.

Table 3 Absorption cross section of GO in various size and oxygen
to carbon ratio (0.25 mg∕ml).

Sheet size (nm) o
c ρg ( g

cm3) ma ( kgmol) μα ( 1
cm) σ (cm2)

160 0.12 2.371 14252 33818 3.20 × 10−9

0.21 2.249 15728 24058 2.51 × 10−9

12 0.12 2.377 80.39 39555 2.11 × 10−11

0.21 2.258 88.85 32206 1.90 × 10−11

Laser diode controller 
(LD Cntl.) 

(LDC 240C, Thorlabs Inc.) Current to 
Laser diode

 
Function Generator 2 

(FG2) (Model 645, 
Berkeley Nucleonics Corp.)

Function Generator 1 
(FG1) (33250A, Agilent 

Inc.)

Digital delay/ pulse 
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Stanford Research 
Systems, Inc.)
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Trigger In
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AB
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REM
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Infra-red Camera (IR Cam)
(SC4000 MWIR, FLIR 

systems, Inc.) 

Fig. 4 Schematic of electronic controls that modulate the CW laser diode and IR camera of the photo-
thermal therapeutic setup in Fig. 1, for computation of absorption coefficient in Fourier domain and esti-
mate the scattering profile.
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Appendix
Schematic of electronic controls that modulate the CW laser
diode and IR camera of the photothermal therapeutic setup in
Fig. 1, for computation of absorption coefficient in Fourier
domain and estimate the scattering profile (Fig. 4).
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