
 

 

 

Ultrafast carrier dynamics in GeSn thin film based on time-resolved terahertz 

spectroscopy 

Panpan Huang(黄盼盼), Youlu Zhang(张有禄), Kai Hu(胡凯), Jingbo Qi(齐静波), Dainan Zhang(张岱南), and 

Liang Cheng(程亮) 

Citation:Chin. Phys. B, 2024, 33 (1): 017201.   DOI: 10.1088/1674-1056/accf7f 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb  

 

What follows is a list of articles you may be interested in  

 

Impacts of hydrogen annealing on the carrier lifetimes in p-type 4H-SiC after thermal 

oxidation 

Ruijun Zhang(张锐军), Rongdun Hong(洪荣墩), Jingrui Han(韩景瑞), Hungkit Ting(丁雄杰), Xiguang Li(李锡光), 

Jiafa Cai(蔡加法), Xiaping Chen(陈厦平), Deyi Fu(傅德颐), Dingqu Lin(林鼎渠), Mingkun Zhang(张明昆), 

Shaoxiong Wu(吴少雄),Yuning Zhang(张宇宁), Zhengyun Wu(吴正云), and Feng Zhang(张峰) 

Chin. Phys. B, 2023, 32 (6): 067205.   DOI: 10.1088/1674-1056/ac89db 

Modulation of carrier lifetime in MoS2 monolayer by uniaxial strain 

Hao Hong(洪浩), Yang Cheng(程阳), Chunchun Wu(吴春春), Chen Huang(黄琛), Can Liu(刘灿), Wentao Yu(于文

韬), Xu Zhou(周旭), Chaojie Ma(马超杰), Jinhuan Wang(王金焕), Zhihong Zhang(张智宏), Yun Zhao(赵芸), Jie 

Xiong(熊杰), Kaihui Liu(刘开辉) 

Chin. Phys. B, 2020, 29 (7): 077201.   DOI: 10.1088/1674-1056/ab99ba 

Effect of transient space-charge perturbation on carrier transport in high-resistance 

CdZnTe semiconductor 

Yu Guo(郭玉), Gang-Qiang Zha(查钢强), Ying-Rui Li(李颖锐), Ting-Ting Tan(谭婷婷), Hao Zhu(朱昊), Sen Wu(吴

森) 

Chin. Phys. B, 2019, 28 (11): 117201.   DOI: 10.1088/1674-1056/ab43bb 

Temporal pulsed x-ray response of CdZnTe:In detector 

Rong-Rong Guo(郭榕榕), Ya-Dong Xu(徐亚东), Gang-Qiang Zha(查钢强), Tao Wang(王涛), Wan-Qi Jie(介万奇) 

Chin. Phys. B, 2018, 27 (12): 127202.   DOI: 10.1088/1674-1056/27/12/127202 

Room-temperature large photoinduced magnetoresistance in semi-insulating gallium 

arsenide-based device 

Xiong He(何雄), Zhi-Gang Sun(孙志刚) 

Chin. Phys. B, 2018, 27 (6): 067204.   DOI: 10.1088/1674-1056/27/6/067204 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accf7f
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accf7f
https://doi.org/10.1088/1674-1056/accf7f
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac89db
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac89db
https://doi.org/10.1088/1674-1056/ac89db
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab99ba
https://doi.org/10.1088/1674-1056/ab99ba
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab43bb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab43bb
https://doi.org/10.1088/1674-1056/ab43bb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/12/127202
https://doi.org/10.1088/1674-1056/27/12/127202
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/6/067204
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/6/067204
https://doi.org/10.1088/1674-1056/27/6/067204


Chin. Phys. B 33, 017201 (2024)

SPECIAL TOPIC — States and new effects in nonequilibrium
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We measure the time-resolved terahertz spectroscopy of GeSn thin film and studied the ultrafast dynamics of its
photo-generated carriers. The experimental results show that there are photo-generated carriers in GeSn under femtosec-
ond laser excitation at 2500 nm, and its pump-induced photoconductivity can be explained by the Drude–Smith model.
The carrier recombination process is mainly dominated by defect-assisted Auger processes and defect capture. The first-
and second-order recombination rates are obtained by the rate equation fitting, which are (2.6±1.1)× 10−2 ps−1 and
(6.6±1.8)×10−19 cm3·ps−1, respectively. Meanwhile, we also obtain the diffusion length of photo-generated carriers in
GeSn, which is about 0.4 µm, and it changes with the pump delay time. These results are important for the GeSn-based
infrared optoelectronic devices, and demonstrate that GeSn materials can be applied to high-speed optoelectronic detectors
and other applications.

Keywords: GeSn thin film, time-resolved THz spectroscopy, ultrafast dynamics, carrier recombination
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1. Introduction
Ge1−xSnx (abbreviated as GeSn) materials have attracted

increasing attention in the fields of microelectronics and op-
toelectronics due to their excellent optoelectronic properties
and good compatibility with mature Si-based technology.[1,2]

When the Sn concentration of GeSn is in the range of x ∼
0.06–0.1, a transition from an indirect bandgap to a direct
bandgap occurs, and this tunable band structure enables GeSn
to have multiple applications.[3–5] Furthermore, due to its high
carrier mobility, GeSn can be used to fabricate novel elec-
tronic devices.[6–9] It also exhibits excellent optoelectronic
properties in the infrared range, and can be used as a lu-
minescent material to fabricate infrared light sources.[4,10–14]

Moreover, GeSn can be used for infrared detection, and the
bandgap width of GeSn can be adjusted by tuning the Sn con-
tent, enabling the tuning of the infrared detection range.[15,16]

Therefore, optoelectronic devices based on GeSn have enor-
mous potential for application in various fields, such as free-
space and fiber-optic communication, optoelectronic detec-
tion, monitoring and identification, artificial intelligence, and
medical imaging, among others.

At higher doping concentrations, GeSn alloy transforms
into a direct bandgap semiconductor,[3,4] and exhibits good
performance in the infrared range. In order to apply this ma-

terial, it is necessary to understand the interaction between in-
frared photons and the material, especially the carrier relax-
ation behavior after photoexcitation and the electrical proper-
ties of the generated carriers. Therefore, we perform time-
resolved terahertz spectroscopy (TRTS)[17–19] to measure the
epitaxial grown GeSn thin films.

2. Samples and experimental setup
In our work, the sample is GeSn thin film grown on Si

substrate using the molecular beam epitaxy (MBE) method.
Before the growth, the chamber base pressure is kept at ap-
proximately 4× 10−9 Torr. During growth, the temperature
of the Ge source is set at 1200 ◦C with a heating rate of
7 ◦C/min, the temperature of the Sn source is set at 1050 ◦C
with a heating rate of 5 ◦C/min, and the substrate temperature
is set at 150 ◦C with a heating rate of 3 ◦C/min. The growth
time is 2 hours, resulting in the film thickness of approxi-
mately 120 nm. The Sn concentration in the prepared GeSn
film is confirmed by x-ray photoelectron spectroscopy (XPS)
as approximately 22.34%, which is heavily doped and makes
the GeSn sample as a direct bandgap semiconductor with a
bandgap < 0.25 eV.[20] Therefore, in the following study, we
choose a light source with wavelength of 2500 nm (photon en-
ergy ∼ 0.5 eV) to excite the sample.
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Fig. 1. (a) Schematic of time-resolved THz spectroscopy (TRTS). (b) THz time-domain spectrum of GeSn sample. The red and black curves
represent the ESamp (t) and ERef (t), respectively. (c) THz transmittance spectrum. The red balls represent the transmittance of GeSn without
optical pump, and the black square represents the calibration of our setup.

The experimental setup used in our work is a time-
resolved terahertz spectroscopy, which is frequently used to
measure the terahertz response of the sample after being pho-
toexcited (as shown in Fig. 1(a)). The applied laser has a repe-
tition frequency of 1 kHz, a wavelength of 800 nm, and a pulse
width of 80 fs. The laser pulse is split into two parts. One is
used to generate and detect a broadband terahertz pulse, and
the other is used to drive an optical parametric amplifier (OPA)
to generate femtosecond pulses with a wavelength of 2500 nm
to excite the sample. The generation of terahertz pulses is
based on the optical rectification effect in the nonlinear crys-
tal ZnTe induced by femtosecond laser excitation. In addition,
terahertz radiation detection is based on the electro-optic sam-
pling method, and we use a 0.5 mm thick ZnTe crystal as the
detection crystal.[21] In our experiment, the time resolution of
the terahertz time-domain spectroscopy is 0.03 ps, and the ter-
ahertz frequency range is 0.4 THz–2.8 THz. The pump power
of the 2500 nm pump light used to excite the sample ranges
from 2 mW to 40 mW, and the beam diameter is ∼ 5 mm.

In the experiment, we need to measure the terahertz trans-
mission signals ESamp (t) and ERef (t) of the film on the sub-
strate and the reference (usually it is the same substrate as
the sample film), respectively. Then we perform the Fourier
transform on the two sets of signals to obtain their frequency
domain spectrum ẼSamp (ω) and ẼRef (ω), so that we can cal-
culate the transmission of the thin film sample in the frequency
domain[22,23]

T̃ (ω) =
ẼSamp (ω)

ẼRef (ω)
. (1)

Based on the relationship between the transmission and the
optical parameters of the sample, the optical parameters of the
thin film at different frequencies can be deduced.[18,23–25] Be-
fore the measurement, we need to calibrate the experimental
setup, and the calibration data are shown in Fig. 1(c). The
transmittance obtained by the system in the frequency range
of 0.4 THz–2.8 THz is 100±0.5% (theoretically it should be
100%) when both the sample and the reference are vacuum,
indicating the high reliability of our setup in this frequency
range.

Usually we can perform one-dimensional TRTS (1D
TRTS) and two-dimensional TRTS (2D TRTS) to measure the
sample.[18,26] From the 1D TRTS measurement, we can ob-
tain the transient change of terahertz peak with respect to the
pump-probe time delay, representing the transient change of
frequency-averaged terahertz signal. However, in 2D TRTS
measurement, we can obtain the transient terahertz time-
domain spectrum at different time delays, that is, the transient
change of frequency-resolved terahertz signal. The former
is similar to the general optical pump–probe technique,[27,28]

while the latter can give us more information about the sam-
ple in the terahertz frequency range, and it is often used for
characterizing different materials such as semiconductors and
superconductors.[26,27]

3. TRTS of GeSn thin film
3.1. THz spectrum of GeSn thin film in equilibrium

Firstly, we measure the terahertz signal of the GeSn film
without optical excitation, and its time-domain spectrum is
shown in Fig. 1(b). It can be seen that ESamp (t) and ERef (t)
are almost identical. This is because GeSn is a semiconduc-
tor with low intrinsic carrier density and small thickness, re-
sulting in low terahertz absorption. This is also reflected in
Fig. 1(c), where the terahertz transmittance of the GeSn film
is close to 1. Therefore, we will only focus on the effect of
photo-generated carriers of the GeSn film after femtosecond
optical excitation in the following work.

3.2. The 1D TRTS of GeSn thin film

Next, we measure the transmitted terahertz signal passing
through the sample after the pump excitation, that is, the peak
intensity of the transmitted terahertz electric field as a function
of the pump delay time. In this case, we measure a 1D TRTS.
Generally, this change is caused by optically generated quasi-
particles such as carriers and phonons induced by the pump
excitation. From this signal, we can obtain the ultrafast dy-
namics information of quasiparticles in the sample.[17,29,30] In
the experiment, we apply 2500 nm wavelength light as the op-

017201-2



Chin. Phys. B 33, 017201 (2024)

tical pump. Since its photon energy is smaller than that of
the Si substrate material, there may be a little but observable
multiphoton excitation signal in Si (see the dashed curves in
Fig. 2(a)). The 1D TRTS signal of Si reflects the ultra-long
lifetime of the carriers in Si (> 1 ns), which has been inten-
sively studied in previous research.[31] According to the data,
we can see obvious differences between the GeSn sample and
Si. (i) The signal of Si is almost a constant after pump in our
measurement range, while the GeSn shows obvious relaxation.
(ii) The signal of Si is much smaller than GeSn. Moreover, the
GeSn thin film can strongly absorb the pump light which de-
creases the pump power directly on the substrate in the GeSn
sample. Therefore, we can conclude that the ultrafast relax-
ations of carriers caused by multiphoton excitation in Si sub-
strate cannot contribute obviously to our GeSn data within our
measurement range, and the relaxation processes we observed
in the GeSn sample should mainly come from the GeSn thin
film.
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Fig. 2. (a) The 1D TRTS of GeSn thin film and pure Si substrate under
different pump power. The solid curves are the fitting results of Eq. (2).
The signal of Si under a 10 mW pump is magnified by 10 times. Panels (b)
and (c) are the fitting parameters under different pump power.

The 1D TRTS of GeSn film at different excitation pow-
ers is shown in Fig. 2(a). It can be seen that after 2500 nm
femtosecond laser excitation, the terahertz signal of GeSn film
reaches its peak at around 1 ps and then begins the relax-
ation process. Due to the reflection of the pump light by the
backside of substrate, a second excitation process appears at
∼ 13 ps. This entire process (including the rising edge of the
signal) can be described by a formula containing two exponen-
tial relaxation processes (A1, τ1, A2, τ2)

−∆E (t)
E

= ∑i=1,2

(
1+ erf

(
t− t01

2tr1
− tr1

2τi

))
Ai e−

t−t01
τi

+

(
1+ erf

(
t− t01

2tr1

))
C

+∑i=1,2 G×
(

1+ erf
(

t− t02

2tr2
− tr2

2τi

))
Ai e−

t−t02
τi

+G×
(

1+ erf
(

t− t02

2tr2

))
C, (2)

where t01 (≈ −1 ps from fitting) and t02 (≈ 13 ps from fit-
ting) are the pump excitation time and the secondary excitation
time, respectively, tr1 (≈ 1 ps from fitting) and tr2 (≈ 4.5 ps
from fitting) are the rise times of the signals during the two ex-
citations, respectively. G (≈ 0.1 from fitting) is the secondary
excitation coefficient, and C represents the relaxation pro-
cess with lifetime much longer than our measurement range.
Here we assume that the second excitation by the reflected
pump can trigger the relaxation processes with similar life-
times, which is good enough to get the trend of pump-power-
dependence of the fitting parameters. We believe that such
assumption is reasonable because the second peak is much
smaller compared to the main peak, and it cannot change the
trend of the fitting parameters. The fitting curve is shown in
Fig. 2(a), which can fit the secondary reflection excitation pro-
cess well.

As shown in Fig. 2(a), after 2500 nm femtosecond excita-
tion, the terahertz signal of GeSn thin film reaches its peak at
around 1 ps, and then starts the relaxation process. The ampli-
tudes and relaxation time that describe the relaxation process
are shown in Figs. 2(b) and 2(c). The entire relaxation process
is approximately in the order of 100 ps, and can be divided into
a fast process (τ1) and a slow process (τ2). Both A1 and A2 are
proportional to the excitation power, indicating that the power
used has not yet reached the saturation absorption threshold.
In addition, τ1 and τ2 both show a strong negative correla-
tion to the excitation power, where the relaxation time will
shorten at higher photo-generated carrier densities. Consid-
ering the semiconductor properties of the material, these two
processes may be related to higher-order recombination pro-
cesses of carriers, such as Auger recombination or radiative
recombination.[17,18,32–36]

3.3. The 2D TRTS of GeSn thin film

We measure the time evolution of the transmitted tera-
hertz electric field (2D TRTS) of GeSn after excitation with
15 mW pump power, as shown in Fig. 3. The relative peak
change of the transmitted terahertz electric field is about−2%,
and it gradually decays with pump time delay. Using the data
processing method of time-resolved terahertz time-domain
spectroscopy,[18,24] we obtain the terahertz complex conduc-
tivity ∆σ̃ (ω) of GeSn film, as shown in Fig. 3(c). In Fig. 3(c),
we list the ∆σ̃ (ω) at pump time delays of 0, 5 ps and 20 ps,
which clearly shows its relaxation behavior with time delay.
At delay time after photoexcitation, the real part of ∆σ̃ (ω)

slowly increases with frequency, while the absolute value of
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the imaginary part shows a decreasing trend. This frequency-
dependent conductivity cannot be explained directly by the
common Drude model, but can be well fitted by the Drude–
Smith model[18,26]

σ̃DS (ω) =
ε0ω2

p

γ− iω

(
1+

c
1− iω/γ

)
+ ε∞. (3)

Here, ε0 is the vacuum permittivity, ε∞ is the high-frequency
dielectric constant of the sample, ωp is the plasma frequency,

γ is the scattering frequency, and c is a fitting parameter in
the Drude–Smith model to describe backscattering. The fit-
ting curve for the GeSn photoconductivity data is shown as the
solid line in Fig. 3(c). It can be seen that the fits are excellent,
indicating that the carriers in the film after photoexcitation are
different from the free carriers described in the Drude model,
and exhibit some degree of localization (c 6= 0). This is gener-
ally caused by some defects in the crystal and can be observed
in various semiconductor films.[26]
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The parameters ωp and γ obtained by fitting with the

Drude–Smith model as functions of pump-probe delay time

are shown in Figs. 4(a) and 4(c), respectively. We can calcu-

late the photogenerated carrier density n and mobility µDS in

the GeSn film using the following formula:[26]

n =
ε0m∗ω2

p

e2 , (4)

µDS = (1+ c)µD = (1+ c)
e

m∗γ
, (5)
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where m∗ represents the effective mass of the carriers, e is the
unit charge, and µD is the intrinsic mobility (without consider-
ing the contribution of backscattering due to defects). Accord-
ing to the previous studies, the effective mass of carriers in
GeSn is m∗ = 0.02me,[33] thus the variations of n and µDS with
pump-probe time delay can be obtained, as shown in Figs. 4(b)
and 4(d).

According to Fig. 4, the mobility of photo-generated car-
riers is about 800 cm2 ·V−1 · s−1, and reaches a minimum
value at ∼ 15 ps after photoexcitation. However, the change
of the scattering rate is not so significant, but the backscatter-
ing contribution caused by defects (measured by the parameter
c) is more significant. Therefore, the main contribution to the
change in the mobility of photo-generated carriers with pump-
probe delay time should come from the change of backscatter-
ing caused by the defects in the thin film.

Combining with the results of 1D TRTS on pump power
dependence (dependence of τ1 and τ2 on pump power), we
speculate that Auger recombination may dominate the relax-
ation of terahertz signals. Therefore, we can use the rate equa-
tion to fit the carrier density[18]

dn
dt

=−k1n− k2n2, (6)

where k1 and k2 are the recombination rates of the first and
second order processes. Here we only consider the first and
second-order recombination processes, because the rate coeffi-
cient of higher-order recombination terms is 0 when included.
The fitted curve is shown as the red solid line in Fig. 4(b). We
can see that the fitted curve agrees the experimental data very
well, with the fitted parameters k1 = (2.6±1.1)× 10−2 ps−1

and k2 = (6.6± 1.8)× 10−19 cm3·ps−1. Generally speaking,
in direct gap semiconductor materials, the first-order process
comes from the capture of photo-generated carriers by defects,
and the second-order process may come from defect-assisted
Auger recombination[18] or radiative recombination.[35–37]

However, in heavily-doped GeSn (direct bandgap), the radia-
tive recombination mechanism can be excluded, since its life-
time at room temperature is much longer than our measure-
ment range.[35–37] According to the recombination rate in the
inset of Fig. 4(b), we can see that the second-order recombina-
tion dominates before 20 ps, and the first-order recombination
becomes the main recombination channel after 20 ps.

4. Discussion
According to the results of 1D and 2D TRTS of GeSn

thin film under 2500 nm optical excitation, we can see that
the excitation can generate photo-generated carriers in GeSn,
which undergo a relaxation process with a timescale of about
∼ 100 ps. After the concentration of photo-generated carriers
reaches its maximum, there are two relaxation channels: one

is the Auger recombination process involving defect levels,
which dominates before 20 ps; the other is the carrier capture
process by defect levels, which dominates after 20 ps. During
the entire recombination process, the carrier mobility is af-
fected by defect scattering, causing a decrease of about 40%,
reaching a minimum value of around ∼ 15 ps, and gradually
relaxing to an equilibrium value.

In addition, we notice that the relaxation processes ob-
tained from 1D and 2D TRTS are slightly different. The 1D
data show two relaxation processes, with relaxation time of
the orders of 10 ps and 50 ps, which cannot be fully corre-
lated with the two carrier relaxation channels obtained from
the 2D data. This is mainly because 1D data not only reflect
the evolution of carrier concentration but are also affected by
the transient change in carrier mobility, and therefore there are
more factors included, leading to the difference observed by
1D and 2D TRTS.

Furthermore, during the relaxation of photo-generated
carriers, they can diffuse simultaneously, and the diffusion
length LD can be calculated by the following formula:[26]

LD =

√
2D(τ)

keff
=

√√√√2µDSkBT/e

− 1
n

dn
dτ

, (7)

where kB is the Boltzmann constant, D is the diffusion constant
at temperature T , and keff is the effective first-order recombi-
nation rate, which can be mathematically expressed as

keff =−
1
n

dn
dτ

= k1 + k2n. (8)

The results are shown in Fig. 5, where the diffusion length LD

varies slightly with the pump time, and the change of LD with
respect to pump delay time is more pronounced when the con-
centration of photo-generated carriers is high (before 30 ps).
The value of LD is around 0.4 µm, which is similar to previous
research.[38]
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Fig. 5. Diffusion length of photogenerated carriers.

5. Conclusion and perspectives
We measure the time-resolved terahertz spectroscopy of

GeSn thin film under 2500 nm laser excitation and study the
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ultrafast dynamics of its carriers. We find that there are two re-
combination channels: Auger process assisted by defects and
defect capture, and the former dominates the carrier relaxation
process within 20 ps after photoexcitation while the latter per-
sists for a longer time. Meanwhile, we obtain the carrier diffu-
sion length of GeSn, which is about 0.4 µm. These results are
important for the optoelectronic applications of GeSn semi-
conductors, and indicate that the minimum response time of
this material can reach∼ 100 ps, corresponding to a frequency
upper limit of ∼ 10 GHz, making it a promising material for
high-speed infrared detection.
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Nat. Photonics 10 483

[22] Lourembam J, Srivastava A, La-o-vorakiat C, Cheng L, Venkatesan T
and Chia E E M 2016 Sci. Rep. 6 25538

[23] Zou X, Shang J, Leaw J, Luo Z, Luo L, La-o-vorakiat C, Cheng L,
Cheong S A, Su H, Zhu J X, Liu Y, Loh K P, Castro Neto A H, Yu T
and Chia E E M 2013 Phys. Rev. Lett. 110 067401

[24] La-o-vorakiat C, Cheng L, Salim T, Marcus R A, Michel-Beyerle M E,
Lam Y M and Chia E E M 2017 Appl. Phys. Lett. 110 123901

[25] Lourembam J, Srivastava A, La-o-vorakiat C, Rotella H, Venkatesan T
and Chia E E M 2015 Sci. Rep. 5 9182

[26] Ulbricht R, Hendry E, Shan J, Heinz T F and Bonn M 2011 Rev. Mod.
Phys. 83 543

[27] Averitt R D and Taylor A J 2002 J. Phys. Condens. Matter 14 R1357
[28] Demsar J, Sarrao J L and Taylor A J 2006 J. Phys. Condens. Matter 18

R281
[29] Hoffmann M C, Hebling J, Hwang H Y, Yeh K L and Nelson K A 2009

J. Opt. Soc. Am. B 26 A29
[30] Ikebe Y and Shimano R 2008 Appl. Phys. Lett. 92 012111
[31] Sabbah A J and Riffe D M 2002 Phys. Rev. B 66 165217
[32] Yang H Y, Singh B, Lu B, Huang C Y, Bahrami F, Chiu W C, Graf D,

Huang S M, Wang B, Lin H, Torchinsky D, Bansil A and Tafti F 2020
APL Mater. 8 011111

[33] Kim J, Oh J, In C, Lee Y S, Norris T B, Jun S C and Choi H 2014 ACS
Nano 8 2486

[34] Dominici S, Wen H, Bertazzi F, Goano M and Bellotti E 2016 Opt.
Express 24 26363

[35] Sun G, Soref R A and Cheng H H 2010 J. Appl. Phys. 108 033107
[36] Gallagher J D, Senaratne C L, Xu C, Sims P, Aoki T, Smith D J,

Menéndez J and Kouvetakis J 2015 J. Appl. Phys. 117 245704
[37] Lu L K, Yang Y, Han G, Fan W and Yeo Y C 2012 J. Appl. Phys. 112

103715
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