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HfSe2 field effect transistors are systematically studied in order to selectively tune their electrical pro-

perties by optimizing layer thickness and oxygen plasma treatment. The optimized plasma-treated HfSe2
field effect transistors showed a high on/off ratio improvement of four orders of magnitude, from 27 to

105, a field effect mobility increase from 2.16 to 3.04 cm2 V−1 s−1, a subthreshold swing improvement

from 30.6 to 4.8 V dec−1, and a positive threshold voltage shift between depletion mode and enhance-

ment mode, from −7.02 to 11.5 V. The plasma-treated HfSe2 photodetector also demonstrates a reason-

able photoresponsivity from the visible to the near-infrared region of light.

Introduction

Over the past several years, the discovery of new two-dimen-
sional (2D) materials other than graphene has resulted in
enormous interest in research on the basic properties of these
materials and their applications in the fields of electronics
and optoelectronics.1–5 In particular, the family of transition-
metal dichalcogenides (TMDs), such as MoS2 and WSe2, has
shown interesting electrical and optoelectrical characteristics
depending upon their phases, i.e., 1T or 2H.6–9 Furthermore,
the physical properties of these 2D materials can be modu-
lated or improved by stacking different atomically thin layers
with different material characteristics.10–12 In addition to
providing an excellent platform to study the aspects of exotic
physics like excitons and Coulomb drag, such TMD hetero-
structures have huge potential applications in numerous
devices like vertical tunneling-based field effect transistors
(FETs), atomically thin diodes, light emitting diodes, and solar
cells.6,13,14 Particularly interesting type II or III band align-
ments have been predicted in group IVB/VIB-based TMD

heterostructures (e.g., HfSe2/WSe2 or HfS2/MoTe2), allowing
the realization of 2D vertical staggered or broken gap tunnel
FETs.15,16 In this scheme, the smaller band gap or the high
work function of Hf-based TMDs make them suitable for such
applications.16,17

Recently, molecular beam epitaxial growth of HfSe2/MoS2
(/MoSe2), and electrical and optoelectrical characterization of
hafnium sulfide (HfS2) have been published by several
groups.17–22 However, to the best of our knowledge, there have
not been many experimental studies on hafnium diselenide
(HfSe2) FETs.23,24 Therefore, the properties of HfSe2-based
devices require further research, much like other TMD
materials which are in the initial stages of exploration. In
particular, passivation-based studies are critical to device
performance, especially for novel 2D materials like black phos-
phorus and Hf-based TMDs which are inherently unstable and
prone to degradation under atmospheric conditions.22–26

In this study, we report a simple and efficient approach
where a few top layers of HfSe2 were transformed into hafnium
oxide (HfOx) via oxygen (O2) plasma treatment. This facile
process can be used to control the active channel thickness of
HfSe2 FETs and the resulting top oxidized layers can be
effective to reduce the ambient induced oxidation of the HfSe2
layers. We found from our study that the electrical properties
of HfSe2 FETs can be selectively tuned by adjusting the O2

plasma treatment time. The plasma-treated devices showed an
improvement in the on/off ratio (>105) by up to four orders of
magnitude and subthreshold swing (30.6 → 4.8 V dec−1)
without any significant loss of the field effect mobility (2.16 →
3.04 cm2 V−1 s−1). Furthermore, a positive threshold voltage
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shift from depletion mode to enhancement mode (−7.02 →
11.5 V) was also observed. We also evaluated the performance
of HfSe2 photodetectors for different wavelengths from the
visible to the near-infrared region, which showed a maximum
photoresponsivity of 2.64 × 104 mAW−1.

Results and discussion

The electrical and optoelectrical properties of these 2D
material-based devices strongly depend on their channel thick-
ness. In thinner layers, interfacial scattering is dominant, thus
affecting the mobility, while in thicker layers, interlayer resist-
ance becomes a dominant factor leading to the degradation of
the mobility.19 Therefore, before studying the effect of plasma
treatment on the device characteristics, we carried out detailed
experiments to evaluate the effect of channel thickness on the
properties of HfSe2 FETs. Fig. 1a shows a schematic diagram
of HfSe2 FET with electrical connections (see Methods section
for details). To optimize the thickness of HfSe2, back-gated
FETs with channel thicknesses ranging from 4.4 to 79.2 nm
were fabricated and measured.

Fig. 1b shows the thickness-dependent Raman spectra of
the HfSe2 flakes. The thicknesses of the flakes were 4.5, 11,
and 26 nm, respectively, as measured by atomic force
microscopy (AFM) (see the Methods section for details). The
two most prominent modes of the Raman spectrum of a few-
layered HfSe2 sample are Eg at 146 cm−1 and A1g at 199 cm−1,
which are attributed to in plane and out of plane modes.

17,27

As can be seen from the Raman spectra, for thinner flakes
(∼4.5 nm) an additional Eg peak appears at 146 cm−1 which
fades away as the thickness is increased and disappears when

the flake thickness reaching 11 nm. Similarly, the intensity of
the A1g peak increases as the flake thickness decreases.28

In addition to optical characterization, thickness-
dependent electrical characteristics were also studied. Fig. 1c
shows the transfer characteristics and Fig. 1d shows the plots
of the field effect mobility (μFE) and the on/off ratios (Ion/off ) of
HfSe2 FETs with different flake thicknesses. It can be seen
from the figure that the devices with thinner channels showed
higher Ion/off, however, the μFE deteriorates as interfacial scat-
tering becomes dominant. In contrast, for devices with thicker
channels, μFE maintains larger than average values but Ion/off
decreases due to screening effects from the bottom layers
which result in incomplete depletion of the top layers.29 This
inefficient gate control in thicker channels leads to the for-
mation of a parallel conduction path in the top layers, even at
off-gate voltages, thus resulting in higher off-currents. The
variation of μFE with the thickness, as seen in Fig. 1d, can be
explained by the interplay of interfacial scattering and inter-
layer resistance in the devices, where the former dominates
thinner channels while the latter dominates thicker ones.
Therefore, it can be inferred from the results that the
optimum channel thickness for the best electrical perform-
ance of HfSe2 FETs lies in the range of ∼10 to 20 nm. It may
be noted that this optimization considered both Ion/off and
mobility simultaneously to draw conclusion regarding the
optimum thickness.

Fig. 2a shows a schematic diagram of the process of treat-
ing the channels of HfSe2 FETs with an O2 plasma (see the
Methods section for details). Before the O2 plasma treatment,
the dimensions of the channel (length, width, and thickness
of the channel are 8.2 µm, 3.6 µm, and 21.3 nm, respectively)
in the HfSe2 FETs were opened selectively using a standard

Fig. 1 (a) Schematic diagram of HfSe2 FET with electrical connections. (b) Thickness-dependent Raman spectra of the HfSe2 flakes. The thicknesses
of the flakes were 4.5, 11, and 26 nm, respectively, as measured by atomic force microscopy (AFM). (c) Transfer characteristics (Ids–Vbg) of HfSe2 FETs
with different flake thicknesses. (d) The field effect mobility (μFE) and on/off ratios (Ion/off ) of all devices, showing strong dependence on flake thick-
ness. The optimum thickness of HfSe2 FETs for the best device performance lies in the range of ∼10 to 20 nm.
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photolithography process (see the ESI for details, Fig. S1†).
Fig. 2b shows a schematic diagram of the top oxidized layers
after O2 plasma treatment of the HfSe2 FETs. During the
exposure to the O2 plasma, energetic plasma molecules inter-
act with HfSe2 to form insulating HfOx layers and their thick-
ness increases with plasma exposure time. This transformation
of the top layers into an oxide layer results in the thinning of
the active HfSe2 channel, which can be utilized to improve the
device characteristics of the electronic FETs. Fig. 2c and d
show the optical images of HfSe2 FETs before and after 26 min
of O2 plasma treatment, respectively. Fig. 2e shows the plasma-
treated sample after removal of the photoresist (PR). After O2

plasma treatment, the color contrast between the plasma-
treated and non-treated channels indicates a variation in

either the channel thickness or chemical composition. AFM
and Raman spectroscopy methods were used to confirm the
origin of this variation.

Fig. 2f shows the Raman spectra of the O2 plasma-treated
and non-treated areas of HfSe2 FETs. After O2 plasma treat-
ment, a new HfOx Raman peak (∼255 cm−1) appears.30,31

While the HfSe2 A1g peak position is not changed, the intensity
decreases significantly after 26 min of O2 plasma exposure (see
the ESI for details, Fig. S2†). Fig. 2g and h show AFM images
and line-profile along the red line of the O2 plasma-treated
HfSe2 FETs, respectively. As seen in the figures, the O2 plasma
treatment results in an increase in the HfSe2 channel thick-
ness, which is consistent with the previously reported results
for HfS2 and WSe2.

22,32 This increase in the thickness can be
attributed to the expanded interlayer distance due to oxi-
dation22 and the average increase in the thickness is found to
be approximately 10 nm (see the ESI for details, Fig. S3†).

X-ray photoelectron spectroscopy (XPS) characterization was
carried out to study the modifications of chemical bonding
and the formation of additional bonds in pristine and plasma-
treated samples (see the Methods section for details). Fig. 3a
and c show the XPS spectra of Hf 4f of pristine and plasma-
treated HfSe2 samples, respectively. The Hf 4f spectrum from
Hf–Se bonding in Fig. 3a consists of two peaks that are attribu-
ted to the Hf 4f5/2 (∼17.82 eV) and 4f7/2 (∼16.15 eV) levels in
HfSe2.

17,33 The Hf 4f spectrum assigned to the Hf–Ox chemical
bonding state in Fig. 3c also consists of two peaks, Hf 4f5/2
(∼18.68 eV) and 4f7/2 (∼17.11 eV), which are consistent with
the peak positions of HfOx.

17,34,35

Fig. 3b and d show the XPS spectra of the Se 3d levels of
pristine and plasma-treated HfSe2 samples, respectively. We
detected only one chemical state in the Se 3d spectrum from
the pristine HfSe2 samples shown in Fig. 3b, which is assigned
to Se–Hf bonding. This peak is composed of two sub-peaks
which are attributed to the Se 3d3/2 (∼54.47 eV) and 3d5/2
(∼53.58 eV) levels in HfSe2.

17,36 However, the Se 3d spectrum
of the plasma-treated HfSe2 samples, as shown in Fig. 3d, is
composed of two chemical states, Se–Ox and Se–Se bonding.
Using the deconvolution technique, the best fit was obtained
by resolving the spectrum into four Gaussian peaks, where the
Se 3d3/2 (∼59.95 eV) and 3d5/2 (∼58.96 eV) levels originated
from SeOx, and Se 3d3/2 (∼55.97 eV) and 3d5/2 (∼54.96 eV)
levels from Se, respectively.17,36,37 The absence of Hf–Se
bonding in the O2 plasma-treated samples and the occurrence
of additional peaks representing SeOx and Se clearly indicates
the conversion of the top layers of HfSe2 into HfOx, which
leaves other residual materials including SeOx and Se.
Furthermore, the relative intensity of the Se 3d peaks
decreased after the plasma treatment, indicating a reduced
concentration of Se (Se/Hf ratio reduced from the near ideal of
2.09 to 1.19), which can be attributed to the breaking of Hf–Se
bonds and partial desorption of the volatile phase like SeOx

from the surface via O2 plasma treatment.25,38

After detailed chemical analysis, the effect of O2 plasma
treatment on the electrical properties of the HfSe2 FETs was
studied (see the Methods section for details). Fig. 4a shows the

Fig. 2 (a) Schematic diagram of O2 plasma treatment process applied
to the channels of HfSe2 FETs. Before the O2 plasma treatment, the
channel area of HfSe2 FETs was opened selectively using a standard
photolithography process. (b) Schematic diagram of top oxidized layers
after O2 plasma treatment of the HfSe2 FETs. During the exposure to O2

plasma, energetic plasma molecules interact with HfSe2 to form insulat-
ing HfOx layers. Optical images of the HfSe2 FET (c) before, (d) after
26 min of O2 plasma treatment, and (e) after removing PR in acetone.
(f ) Raman spectra of O2 plasma-treated and non-treated areas of the
HfSe2 FET. (g) AFM image and (h) line-profile along the red line on the
O2 plasma-treated HfSe2 FET. The average increase in the thickness of
the O2 plasma-treated HfSe2 is approximately 10 nm.
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output characteristics of HfSe2 FETs after O2 plasma treatment
with different exposure times. The linear Ids–Vds curves show
good Ohmic behavior for various plasma treatment times. The
inset shows the total resistance (RT) of the HfSe2 FETs as a func-
tion of plasma exposure time. After the first 2 min of O2 plasma
exposure, RT increases by 75 percent (%). However, with further
exposure, RT is well controlled with just a 5.6% increase every
2 min until 22 min. Fig. 4b shows the transfer characteristics at
Vds = 0.3 V for HfSe2 FETs with different O2 plasma exposure
times. Qualitatively, it can be seen from the figure that O2

plasma treatment results in a positive threshold voltage (Vth)
shift, higher Ion/off and improvements in the subthreshold
swing (SS) of the device. Further, for an accurate analysis, the
μFE, Ion/off, SS, and Vth of the device after each plasma exposure
are calculated from the Ids–Vbg curves. Fig. 4c shows Ion/off and
SS as a function of O2 plasma treatment time. Ion/off increases
from 27 to 1.1 × 105 and SS improves from 30.6 to 4.8 V dec−1

for 20 and 22 min of O2 plasma treatment, respectively. Fig. 4d
shows μFE and Vth as a function of O2 plasma treatment time,
where μFE increases from 2.16 to 3.04 cm2 V−1 s−1 after 14 min

Fig. 3 XPS spectra of (a) Hf 4f and (b) Se 3d levels for the pristine HfSe2 sample. XPS spectra of (c) Hf 4f and (d) Se 3d levels for the O2 plasma-
treated HfSe2 sample. The top layers of HfSe2 are fully converted to HfOx by exposure to O2 plasma treatment.

Fig. 4 (a) Output characteristics (Ids–Vds) for HfSe2 FETs after different O2 plasma exposure times. The inset shows the total resistance (RT) of the
HfSe2 FETs as a function of plasma exposure time. (b) Transfer characteristics (Ids–Vbg) at Vds = 0.3 V for HfSe2 FETs with different O2 plasma
exposure times, in the semi-log scale. (c) On/off ratio (Ion/off ) and the subthreshold swing (SS) as a function of O2 plasma treatment time. (d) Field
effect mobility (μFE), and threshold voltage (Vth) as a function of O2 plasma treatment time.

Paper Nanoscale

1648 | Nanoscale, 2017, 9, 1645–1652 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 2
3 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 S
un

gk
yu

nk
w

an
 U

ni
ve

rs
ity

 o
n 

03
/0

3/
20

17
 0

5:
02

:4
4.

 
View Article Online

http://dx.doi.org/10.1039/c6nr08467b


of O2 plasma treatment. While this variation in μFE is moderate,
but the wide variation in Vth can be used to efficiently tune the
operation of HfSe2 FETs from depletion mode (Vth = −7.02 V,
22 min of O2 plasma treatment) to enhancement mode (Vth =
11.5 V, 24 min of O2 plasma treatment). This indicates that the
electrical properties of multilayer HfSe2 FETs can be tuned
efficiently via O2 plasma treatment.

The origin of these variations in device characteristics can
be explained by the formation of Hf-based oxide layers, which
is evident from both Raman and XPS analyses. During the O2

plasma treatment, the top layers are oxidized to form HfOx

which results in a reduction of the active channel thickness.
As in thick channel devices, the gate electric field at the top
layers is screened off by the active channel layers near the SiO2

interface which results in an ineffective gate control. This con-
sequently leads to both a high off-current and a high negative
gate voltage to turn off the device. Therefore, as the top layers
are transformed to HfOx by plasma treatment, the effective
channel thickness reduces, thus decreasing the off-current
and shifting the Vth to positive values (see the ESI for details,
Fig. S4 and S5†). This is also quite evident from Fig. 4b and c,
where steady shifts in the Vth and improvement in the off-
current due to better gate control and channel thinning are
observed during the successive exposures of the channel to the
O2 plasma. Therefore, important device metrics like Ion/off and
SS show gradual improvement until an optimum exposure to
plasma treatment is reached. Another consequence of O2

plasma treatment is a reduction in the electron density due to
the oxygen doping effect, as the reactive oxygen at the surface
can co-exist in different forms such as O2− and O−. Since these

moieties are highly electronegative, they can capture free elec-
trons, thus reducing the electron carrier density in the channel
(see the ESI for details, Fig. S6 and S7†).39

The Vth shifts observed in the plasma-treated devices can
also be explained by carrier depletion in the channel as less
gate voltage is now required to turn off the channel. Further,
an apparent improvement in μFE can be explained from the
interplay of the reduced carrier density and channel thinning
via plasma treatment, which results in reduced inter-carrier
scattering and enhanced confinement of the carrier in the
channel. The observed improvement in SS results from better
Ion/off and gate control over the thinner channel. As seen from
the figures, after reaching an optimum state, the key device
characteristics start degrading with further plasma treatment.
This may be due to excessive oxidation of the top layers, which
after reaching the optimum value starts affecting the active
channel layers through increased interfacial carrier scattering
and the enhanced doping effects of the oxygen-based com-
pounds in the top oxide layers. This is also evident from the
Vth shift from depletion mode to enhancement mode and a
steep fall in μFE beyond 24 min of O2 plasma treatment. This
decrease in the mobility also affirm that the untreated HfOx

contains defects and the conventional improvements due to
high-k dielectric are limited in the present case. Further, it was
found that as compared to the untreated devices, the top oxi-
dized layers in the O2 plasma-treated device are more effective
to suppress the ambient induced oxidation of the underlying
HfSe2 layers (see the ESI for details, Fig. S8†).

In the next step, we carried out optoelectrical characteriz-
ation of the plasma-treated HfSe2 photodetectors. To the best

Fig. 5 (a) Schematic diagram of HfSe2 photodetector under illumination. (b) Output characteristics (Ids–Vds) of HfSe2 photodetectors in the dark
and laser-illumination at wavelengths (λ) of 520, 650, and 780 nm. (c) The photoresponsivity (R) and photocurrent (Iph) of HfSe2 photodetectors as a
function of the effective incident power (Pin) at Vds = 0.1 V, Vbg = −60 V, and λ = 520 nm. The red line represents the fitting curve. (d) The reproduci-
ble on/off switching of the HfSe2 photodetectors with various effective incident powers at Vds = 0.1 V, Vbg = −60 V, and λ = 520 nm.
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of our knowledge, this is the first optoelectrical measurement
study on HfSe2. Fig. 5a shows a schematic diagram of the
HfSe2 photodetector under illumination. Fig. 5b shows the
output characteristics of the 21.5 nm thick, 7 min O2 plasma-
treated HfSe2 photodetector in the dark and laser-illumination
at wavelengths (λ) of 520, 650, and 780 nm, where the effective
incident power (Pin) was 0.86 nW at λ = 520 and 650 nm, and
6.91 nW at λ = 780 nm (see the Methods section for details and
the ESI for the photoresponse of the prisitine HfSe2 device,
Fig. S9†). As seen from the figure, the photodetector recorded
its maximum photocurrent (Iph) at λ = 520 nm, and responded
to a broadband of incident wavelengths from the visible (λ =
520 nm) to the near-infrared region (λ = 780 nm) of light. The
maximum photoresponsivity (R) and specific detectivity (D*) of
the HfSe2 photodetectors at λ = 520 nm were calculated as
2.94 A W−1 and 4.65 × 1010 Jones, respectively (see the ESI for
details, Fig. S10†). These results are comparable to those of
previously reported TMD-based photodetectors.40,41 R can be
expressed as

R ¼ Iph=ðPinÞ ¼ ðI laser � IdarkÞ=ðPinÞ
where Ilaser is the device current under illumination and Idark
is the dark current.40,41 Fig. 5c shows the R and Iph of the
HfSe2 photodetectors as a function of the Pin at Vds = 0.1 V,
Vbg = −60 V, and λ = 520 nm. As the Pin increases from 0.017 to
1.73 nW, R decreases from 26.44 to 2.11 A W−1. This decrease
in R with Pin may be due to the existence of trap states in or at
the interface between the materials. Further, the graph of
Iph versus Pin can be fitted using the power law relationship:

Iph ¼ ð2:77� 10�9Þ P0:48
in

The fitted curve was shown with a red line that indicates a
near-square root dependence of Iph on Pin. This result is due to
the finite density of deep donor levels compared with the flux
of incident photons.42 The non-unity exponent may also be
attributed to a complex process of electron–hole generation,
trapping, and recombination within HfSe2.

43

Fig. 5d shows the on/off switching of the HfSe2 photo-
detectors with various Pin at Vds = 0.1 V, Vbg = −60 V, and λ =
520 nm. The HfSe2 photodetector shows reproducible switch-
ing behavior but a relatively long rise (τr: ∼10 s) and decay
(τd: ∼20 s) time, respectively.44 These rise and decay time were
calculated as being between 10% and 90% of increasing and
decreasing Iph.

Conclusions

In conclusion, we presented a simple and efficient method of
using O2 plasma treatment to tune the electrical properties of
multilayer HfSe2 FETs. A clear positive threshold voltage shift
was observed in the device, from depletion mode to enhance-
ment mode, with the on/off ratio increasing by up to four
orders of magnitude. A substantial improvement in the sub-
threshold swing was observed without any significant loss of

mobility by adjusting the O2 plasma exposure time. These
improvements were attributed to the formation of insulating
HfOx top layers via O2 plasma treatment and thinning of the
channel. Moreover, we demonstrated a strong dependence of
HfSe2 electrical properties on the channel thickness of the
device. The thinner channel along with the decrease in the
electron density by electronegative oxygen moieties results in
an efficient gate control which leads to improved device per-
formances. Optical and chemical characterization by means of
Raman spectroscopy, XPS, and AFM measurement confirmed
the formation of HfOx layers after plasma treatment. The
optoelectrical measurements of the O2 plasma-treated HfSe2
photodetectors demonstrated a reasonable photoresponsivity
from the visible to the near-infrared region of light. Our study
suggests that the plasma treatment method can be developed
into a promising technology to tune the key parameters of
TMD devices for various applications, and multilayer HfSe2
can be used as one of the main materials for electrical and
optoelectrical TMD heterostructures in the near future.

Methods
Fabrication of HfSe2 FETs

The HfSe2 flakes were produced from commercial bulk HfSe2
purchased from HQ graphene, via standard mechanical exfo-
liation using the scotch tape technique. HfSe2 flakes were exfo-
liated onto a 285 nm thick SiO2 layer on a heavily doped n-type
Si substrate. The back-gated FETs were fabricated via photo-
lithography to define the source and drain electrodes and then
Cr (10 nm)/Au (30 nm) layers were deposited in an electron
beam evaporation system. This was followed by a standard lift-
off process in acetone.

Oxygen plasma treatment process

The O2 plasma treatment process was applied to the HfSe2
devices using a commercial (COVANCE, Femto Science Inc.)
plasma chamber operating at 50 kHz at a power of 50 W,
which is the minimum power required to initiate plasma in
the chamber. During the O2 plasma treatment process, the
chamber pressure was maintained at ∼500 mTorr and O2 gas
flowed at a constant rate of 20 sccm.

AFM, Raman, and XPS characterization

The thickness of HfSe2 was measured using an AFM (SPA400,
SII) in tapping mode under ambient conditions. The Raman
spectra of the as-exfoliated and O2 plasma-treated HfSe2 were
taken at room-temperature under ambient conditions using a
WiTech confocal Raman microscope (Alpha300RA, Witec Inc.)
with an Nd:YAG laser at a wavelength of 532 nm. The chemical
configurations of HfSe2 were determined via X-ray photo-
electron spectroscopy (ESCA2000, VG Microtech Inc.) with an
Al Kα X-ray source (hν = 1486.6 eV) at a base pressure of ∼10−10

Torr. For XPS measurement, as-exfoliated and 26 min O2

plasma-treated HfSe2 samples were prepared on SiO2

substrates.
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Electrical measurement with and without laser illumination

The HfSe2 FETs and photodetectors were electrically character-
ized using a Keithley 4200 semiconductor characterization
system (4200-SCS, Keithley Inc.) under ambient and under
dark conditions. μFE was extracted using the equation μFE =
(L/W) × (gm/CoxVds), where L is the channel length, W is the
channel width, gm is the transconductance which is deter-
mined by the slope of the Ids–Vbg curve, and Cox is the dielec-
tric capacitance between the channel and the back gate per
unit area. Dielectric capacitance was calculated using Cox =
ε0εr/d, in which εr is the relative permittivity of SiO2, ε0 is the
free-space permittivity and d is the SiO2 thickness. For opto-
electrical measurement of the photodetector, light sources of
different wavelengths (λ = 520, 650, and 780 nm) were illumi-
nated with an effective incident power ranging from 0.017 to
6.91 nW.
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