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Optical nonlinear response and its dynamics of wide-bandgap materials are key to realizing integrated nonlinear
photonics and photonic circuit applications. However, those applications are severely limited by the
unavailability of both dispersion and dynamics of nonlinear refraction (NLR) via conventional measurements.
In this work, the broadband NLR dynamics with extremely high sensitivity (λ∕1000) can be obtained from ab-
sorption spectroscopy in GaN:C using the refraction-related interference model. Both the absorption and refrac-
tion kinetics are found to be significantly modulated by the C-related defects. Especially, we demonstrate that the
refractive index changeΔn of GaN:C is negative and can be used to realize all-optical switching applications owing
to the large NLR and ultrafast switching time. The NLR under different non-equilibrium carrier distributions
originates from the capture of electrons by C�

N defect state, while the absorption modulation originates from the
excitation of tri-carbon defects. We believe that this work provides a better understanding of the GaN:C nonlinear
properties and an effective solution to broadband NLR dynamics of transparent thin films or heterostructure
materials. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.523278

1. INTRODUCTION

Materials with optical nonlinearity enable modulation of the
intensity, frequency, and phase of optical signals [1–3]. With
the in-depth study of optical nonlinear response and the con-
tinuous progress of materials technology, it brings new break-
throughs in the field of optics and photonics [4]. Recently, the
exceptional optical nonlinearities of wide-bandgap semicon-
ductors have garnered significant interest for the development
of nanoscale electronics and on-chip quantum photonics [5–7].
As one of the third-generation wide-bandgap semiconductors,
GaN not only has strong adaptability to extreme environments
(such as high temperature and high optical power), but also has
greater optical nonlinearity and lower application cost than
other broadband semiconductors [8]. GaN has a large bandgap
of 3.4 eV and exhibits an ultrawide transparency window from
the ultraviolet to the mid-infrared. It possesses excellent elec-
trical and optical properties that can satisfy the requirements of
high-power electronics and detectors [9–11] and is particularly
attractive for applications in optoelectronic platforms [12–16]
and compact chip-level nonlinear optics [8,17–20].

All-optical switching (AOS) is regarded as the essential com-
ponent in photonic processing [21–26]. The applications of
AOS in GaN can be realized by two-photon absorption or
Kerr refraction with ultrafast switching time [27]. Free-carrier
refraction (FCR) is a key mechanism for realizing AOS appli-
cations [28–32], and the free-carrier lifetimes can be modulated
by the dopants in GaN (such as Fe and C centers). The
FCR response is related to numerous factors, including impu-
rities, effective mass, probe polarization, and wavelength.
Therefore, it is necessary to effectively extract the nonlinear re-
fraction (NLR) response and its dynamics in different materials.
However, traditional pump–probe and newly proposed beam
deflection experiments can only study the NLR response at
a single wavelength or several discrete wavelengths [33–37];
it consumes much time to carry out multiple experiments to
obtain broadband response. On the other hand, the sample
needs enough thickness to accumulate the NLR effect through
conventional measurements. In addition, time-resolved reflec-
tion spectroscopy of opaque samples can be applied to study the
broadband NLR dynamics based on supercontinuum [38–40],
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but the carrier dynamics process will be mainly affected by sur-
face recombination and carrier diffusion, leading to the NLR
dynamics ambiguously.

In this work, we successfully and accurately extract both
NLR wavelength dispersion and its dynamics in GaN:C based
on transient absorption spectroscopy (TAS) through the inter-
ference of the sample. This method can be effectively utilized to
measure a micrometer-level sample’s NLR (without thickness
accumulation) with extremely high sensitivity (10−4 order of
magnitude for refraction change). Furthermore, via analyzing
the NLR dispersion and dynamics, the C doping is found
to have strong modulation on the absorption and refraction
dynamics of GaN. The research on the ultrafast NLR dynamics
shows the potential of GaN:C in the field of AOS. Finally, the
modulation mechanisms of carbon doping on the nonlinear ab-
sorption (NLA) and NLR in GaN are also analyzed by estab-
lishing an excitation and recombination model based on the
C defects. Our results prove that it is feasible to extract broad-
band NLR dynamics from absorption spectroscopy and that
this measurement will greatly promote future applications of
micro–nano level thin film materials in the field of ultrafast
all-optical and photonic devices.

2. EXPERIMENTAL METHOD

The sample C-doped GaN (GaN:C) wafer in this paper is
commercially obtained from Suzhou Nanowin Technology
Co., Ltd. The GaN film grown by hydride vapor phase epitaxy
(HVPE) on sapphire substrate (∼400 μm) has a diameter of
2 in. and a thickness of ∼4.60 μm. The orientation of the film
is [0001], and the density of threading dislocations (TDs) is
∼9 × 107 cm−2. The C impurity higher than 1019 cm−3 can
compensate the residual donor impurities such as oxygen and
silicon, resulting in a semi-insulating (SI) property of GaN:C
crystal with resistivity greater than 107 Ω · cm at 300 K.

In the femtosecond supercontinuum transient absorption
measurements, the excitation beam sources used are all tunable
laser pulses generated by an optical parametric amplifier (OPA,
Light Conversion ORPHEUS) pumped by an ytterbiun-doped
fiber laser (Yb:KGW, PHAROS, 1030 nm). The pulse dura-
tion (FWHM) and repetition rate are 190 fs and 6 kHz, respec-
tively. One-photon excitation (350–380 nm) is used to
generate non-equilibrium carriers with a concentration compa-
rable to that of the C dopant. The probe beam is focused on
sapphire media to generate supercontinuum white light (400–
800 nm), the entire spectra of the transmitted probe beams
were measured using an imaging spectrograph with a Si diode
array photodetector, and the broadband carrier dynamics under
different time delays can be obtained simultaneously. The spot
radii of the pump light and the probe light are 400 μm and
100 μm, respectively. In addition to the ultrafast time-resolved
characteristics, more accurate photodynamic information can
be obtained by comparing the intensity of white light super-
continuum with different time delays. Optical density (OD)
is defined as − lg�I 0∕I�, where I 0 and I are the intensities
of the incident and transmitted beams, respectively. The
OD change (ΔOD) is used to denote the transient absorption
response:

ΔOD � ODpumped −ODunpumped

� lg

�
Iumpumped

I 0

�
− lg

�
Ipumped

I 0

�
, (1)

where Iunpumped and Ipumped represent the intensity of the
supercontinuum white light spectrum transmitted under
non-pumped beam and pumped beam, respectively. The
ΔOD with high signal-to-noise ratio can be obtained in real
time by using a chopper and a lock-in amplifier.

A refraction-related interference model based on NLA is es-
tablished to obtain nonlinear refraction. The interference arises
from two probe beams; the first one is a direct transmission
beam through the film (beam 1), and the second one is the
reflection beam between the front and rear surfaces of the
GaN film (beam 2), as plotted in Fig. 1. The transmittance of
the air–GaN interface is T 1�λ� � 4n∕�1� n�2, where n de-
notes the real part of the refractive index, which is wavelength
dependent and can be expressed as n�λ� � n0�λ� � Δn; n0�λ�
and Δn represent the linear refractive index and pump-induced
refraction change, respectively. The transmittance T s�λ� of
GaN induced by excitation is related to NLA, which can be
extracted from the TAS. R1�λ� and R2�λ� are the reflectance
of the GaN-sapphire and GaN-air interface, respectively.
Therefore, the interference equations for the probe beam at
the rear surface of the wafer can be described as

I 1�λ�� I0 ×T 1�λ�×T s�λ�,
I 2�λ�� I0 ×T 1�λ�×R1�λ�×R2�λ�×T 3

s �λ�,

I�λ�� I1�λ�� I2�λ��2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I1�λ�I 2�λ�

p
cos

�
2π

λ
×2n̄�λ�d

�
, (2)

where I1�λ�, I2�λ�, and I�λ� represent the light intensity of the
direct transmission light, the reflection light, and the interfer-
ence light, respectively. n̄�λ� is the mean refractive index of the
GaN:C film considering the inhomogeneous Δn throughout
the film, and d is the thickness of the GaN:C film. All the ex-
periments were carried out at room temperature.

Fig. 1. Schematic diagram of probe light interference.
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3. RESULTS AND DISCUSSION

Transient absorption spectroscopy is an effective method to ex-
plore the free carrier and defect dynamics in wide-bandgap
semiconductors [41,42]. The TAS in GaN:C under different
delay times is shown in Fig. 2(a). The oscillation of the
TAS originates from the interference effect caused by the light
reflection in the GaN:C wafer. The oscillation amplitude in
TAS gradually decreases with the delay time and is always ac-
companied with broadband absorption. The pump fluence-de-
pendent oscillations in TAS at 365 nm, td � 2 ps, are
presented in Fig. 2(b). As the pump fluence increases, in ad-
dition to an enhancement of the overall oscillation waveform
(absorption response), the amplitudes of the oscillations in-
crease progressively. Due to the strong oscillations in TAS,
the absorption spectra need to be averaged and simplified
for analyzing the transient spectra. The maximum and mini-
mum values of the adjacent absorption response are averaged
(ΔmODmax∕2� ΔmODmin∕2), and the averaged NLA curves
at different delay times are shown in Fig. 2(c). It can be seen
that the TAS is an oscillation superimposed on the basis of
NLA. Notably, the response is completely different from the
free-carrier absorption (monotonically increasing with the
probe wavelength) [43,44], indicating that the transient

absorption response may come from the defect state-related ab-
sorption. To further analyze the oscillations in the spectra, the
subtracted spectral oscillation from the averaged NLA at
td � 2 ps, which is defined as pure spectral oscillation, and
the pure absorption response (without NLR; see details in
Appendix A) are both plotted in Fig. 2(d) for comparison.
We surprisingly found that the pure spectral oscillations (am-
plitude and peak/valley location) are completely different from
that induced by pure absorption response. These phenomena
imply that, apart from the absorption, the change of refractive
index (i.e., nonlinear refraction Δn) in GaN:C must be taken
into account. Remarkably, the spectral oscillation may made it
completely feasible to extract the NLR based on NLA spectra.

The transient absorption response of GaN:C needs to be
initially analyzed before the comprehensive interpretation of
nonlinear optical response and effective extraction of NLR.
Figure 3 presents the transient absorption dynamics in the
GaN:C sample at different excitation fluences [Fig. 3(a)] and
pump wavelengths [Fig. 3(b)]. We can observe that the pump
fluence does not significantly affect the lifetime, indicating that
the defect-related recombination is a major process rather than
high-order processes (radiative and Auger recombination).
Figure 3(b) shows that the recovery rate of transient absorption

Fig. 2. (a) Transient absorption spectra in GaN:C sample with different delay times. (b) Transient absorption spectra in GaN:C sample with
different pump fluences at td � 2 ps. (c) Transient absorption curves under different delay times in GaN:C sample. (d) The pure oscillation curve
extracted by the TAS and the pure absorption spectral oscillation curve at td � 2 ps in the GaN:C sample. The pump wavelength is 365 nm. In (a),
(c), and (d), the pump fluence is 1.16 mJ∕cm2.
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becomes slower as the excitation wavelength increases.
Furthermore, the semi-logarithmic depiction of the absorption
dynamics in Fig. 3 distinctly reveals the presence of both a
faster and a slower recovery process. A bi-exponential model
with one constant component can be used to well interpret the
experimental results. The constant component, faster (slower)
lifetimes, and their proportions are listed in Table 1. As the
excitation wavelength (Ephoton) increases (decreases), the con-
centration of the photo-generated carriers decreases; at the same
time, the carrier distribution gradually changes to be more
homogeneous (longer depth penetration for the pump beam).
The faster lifetime τ1, which is independent of the excitation
and wavelength, should be attributed to the surface recombi-
nation, and the effect of surface recombination (lifetime pro-
portion) will decline as the pump wavelength increases. On the
other hand, the slower decay component with lifetime τ2 is
supposed to be caused by the trapping of the excited carrier
to defect states. As the Ephoton of the pump decreases, the con-
centration of the excited defect states decreases, leading to
an increase of lifetime τ2. The constant component (A0) in
bi-exponential fitting indicates the much longer lifetime for
carriers trapped on the defect states. Furthermore, the variation
trend of the τ1 (τ2) and its proportion in recombination with
the pump wavelength and fluence at different probe wave-
lengths is similar to that at 600 nm.

A clear understanding of the spectra and process of transient
absorption is conducive to the study of the NLR based on ab-
sorption spectroscopy. As the absorption is proved to be modu-
lated by the defect states, the influence of the defect state on the

NLR also needs to be discussed. The spectral peak position at
different delay times in TAS under the pump wavelength of
365 nm is explored and plotted in Fig. 4(a). As the time delays,
the oscillation magnitude of the TAS declines, and the posi-
tions of the peaks become blue-shifted. The shifts of the oscil-
lation peaks (Δλ) during the time delay (from 2 to 1600 ps) are
presented in Fig. 4(b). The amplitude of the oscillations and
the shift of the spectral peaks are potentially associated with
both the magnitude and sign of the NLR. Subsequently, the
absorption responses under different signs and magnitude of
Δn are simulated by using a refraction-related interference
model and Eq. (2). As depicted in Fig. 4(c), the peaks of differ-
ential ΔmOD will red-shift for Δn > 0 or blue-shift for
Δn < 0 as the magnitude of the Δn declines during the time
delay. Considering the blue-shift of spectral peak with time de-
lay observed in Fig. 4(a), we can infer that the sign of the Δn
should be negative. On the other hand, the magnitude of the
Δn primarily influences the amplitude of the spectral oscilla-
tions, as illustrated in Fig. 4(d). Therefore, the precise values
of Δn with respect to the wavelength and time delay can
be further ascertained according to the oscillation amplitude’s
variation.

Figure 5(a) shows the transient absorption spectra
(td � 2 ps) of GaN:C samples excited at 365 nm; the result
for GaN:Mg is also presented for comparison [see the inset
of Fig. 5(a)]. The interference model presents an excellent fit-
ting to the experimental results, thereby proving the rationality
of the interference model. Additionally, the Δn dependence on
the probe wavelength at td � 2 ps, when excited at 350 nm,

Fig. 3. Semi-logarithmic plot of the transient absorption dynamics in GaN:C sample under (a) various excitation fluences and (b) different pump
wavelengths. The probe wavelength is ∼600 nm; the solid lines are the theoretical fitting.

Table 1. Fitting Parameters for the Carrier Lifetimes

Pump Wavelength/nm Pump Power/(mJ∕cm2) τ1/ps τ2/ps A1∕�A1 � A2 � A0�a A0∕�A1 � A2 � A0�
350 1.55 25� 3 310� 20 25.16% 34.86%
365 0.77 20� 3 420� 30 9.03% 72.95%
365 1.16 20� 2 550� 50 15.04% 64.35%
365 1.55 20� 3 520� 30 17.70% 61.20%
375 1.55 21� 3 850� 70 7.06% 78.30%

aThe double exponential decay can be expressed as A�t� � A1e
−t∕τ1 � A2e

−t∕τ2 � A0.
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365 nm, and 375 nm, can be extracted and is depicted in
Fig. 5(b). Additionally, the Δn dependence on the probe wave-
length at td � 2 ps, when excited at 350 nm, 365 nm, and

375 nm, can be extracted and is depicted in Fig. 5(b). The
dispersion of Δn is also different from that of the free carrier;
a clear trend (Drude dispersion) in GaN:Mg is shown in the

Fig. 5. (a) Transient absorption spectra restored by interference model and Δn (td � 2 ps) dispersion relation in GaN:C sample (GaN:Mg
sample; see inset) with the excitation wavelength of 365 nm. The solid lines are the theoretical fitting. (b) Dispersion curves of the Δn
(td � 2 ps) in GaN:C sample with the excitation wavelengths of 350, 360, and 375 nm. The inset shows a dispersion of Δn (td � 2 ps) in
GaN:Mg at 365 nm. The solid line is the Drude model fitting.

Fig. 4. (a) Transient absorption spectra at 2, 100, and 1000 ps delay time in GaN:C. (b) Δλ under different delay times. The absorption response
of Δn under (c) different signs and (d) different magnitudes is simulated by using the refraction-related interference model. The arrow direction
corresponds to the peak offset during the time delays. In both (a) and (b), the pump wavelength is ∼365 nm with the pump fluence of
∼1.16 mJ∕cm2.
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inset of Fig. 5(b). Thus, it can be clearly demonstrated that the
transient refraction response in the GaN:C sample also arises
from the C-related defects. Significantly, one can observe that
the sensitivity (the detection limit of the Δn) is on the order of
10−4, corresponding to the wavefront distortion of around
∼λ∕1000, which is about three times higher than that of
the conventional Z-scan technique (∼λ∕250) [45].

The delay time-dependent Δn (i.e., NLR dynamics) probe
at ∼580 nm in GaN:C at the pump wavelength of 350 nm and
365 nm is presented in Figs. 6(a) and 6(b), respectively. The
maximum of Δn value (Δnmax) pumped at 365 nm decays
to ∼50% of the initial value within 10 ps [see the inset of
Fig. 6(a)], while it needs nearly 100 ps under 350 nm [see
the inset of Fig. 6(b)]. The decay processes can also be fitted
with the double exponential decay model, as shown in
Appendix B. The τon∕off , defined as switching time (Δnmax de-
cays to ∼50% of the maximum), can be obtained at different
excitation wavelengths. The τon∕off is gradually reduced with
the increase of excitation wavelength, and the detailed results
are summarized in Table 2. The Δnmax and switching of GaN:
C are at least one order of magnitude larger and faster than that
of GaN:Mg under the same condition, respectively. As a result,
GaN:C could serve as a potential candidate for integrated AOS
based on the C-related defect NLR. Compared to the slightly
larger NLR under excitation of 360 nm, a much shorter τon∕off
(∼18% of 360 nm) under 365 nm enables faster modulation of
the optical signal. Although the fastest response time can be
achieved at 375 nm, the much lower NLR is not suitable
for the AOS.

Our results demonstrate that the value, sign, and dispersion
relation of Δn can be all obtained based on the TAS via inter-
ference model. Moreover, the dynamics of Δn combined with
TAS can help us to further analyze the defect-related carrier
trapping mechanisms in GaN:C. The evidence suggests that
the carbon in GaN mainly exists in the form of isolated
carbon, dicarbon, and tri-carbon complexes at high doping
[46–49]. When the carbon doping concentration [C] exceeds
1018 cm−3, the tri-carbon becomes the dominant defect [47],
and the concentration of CN (∼1018 cm−3) and tri-carbon
(∼1019 cm−3) defects is at least one order of magnitude greater
than that of other C-related defects (<1017 cm−3) especially for
�C� > 1019 cm−3 [48,49]. Therefore, in our GaN:C, the CN

and tri-carbon defects are considered to be major defects. A
defect state capture level model based on the characteristics
of these two defects can be established, which is plotted in
Fig. 7(a). The defect charge conversions during excitation
and trapping processes can interpret the modulation mecha-
nisms of the transient absorption and refraction dynamics.
Under one-photon excitation (1PE), the electrons in the va-
lence band (VB) absorb the energy of the photon and then
transfer to the conduction band (CB), producing non-equilib-
rium carrier concentrations greater than 1018 cm−3. The elec-
trons in the tri-carbon defect (0∕� transition level) can also
transfer to the CB by 1PE. Because of the compensation
mechanism, the tri-carbon defects are 0 charge state before ex-
citation. According to the first-principles calculations, the �1
charge state belonging to the negative-U center is not stable in
equilibrium [48], but it can be generated by illumination [50].
At present, the position of the (0∕�2) is determined at about
2.15 eV above the Fermi energy level. Based on the relationship
between formation energy and Fermi level as well as the neg-
ative U behavior for the �1 charge state, the position of the
(0∕�1) transition level is about 1.5–2.5 eV below the mini-
mum of the CB and ∼1–2 eV above the maximum of the VB.
These energies are very close to the broadband absorption fea-
ture in TAS experiment considering the lattice relaxation, and
therefore the transient absorption modulation is supposed to be
related to the tri-carbon defect. As a result, the electrons in the

Fig. 6. Maximum Δn dynamics at (a) 365 nm and (b) 350 nm in GaN:C sample with the probe wavelength of ∼580 nm. The pump fluence is
1.16 mJ∕cm2. The solid lines are the theoretical fitting, and the inset shows the semi-logarithmic plot under logarithmic coordinates after 10 ps.

Table 2. Fitting Parameters for τon/off of GaN:C and GaN:
Mg Samples

Sample Pump Wavelength/nm Δnmax/10−3 τon∕off /ps

GaN:C 350 −16.80 86� 6
GaN:C 360 −11.26 34� 3
GaN:C 365 −6.00 6� 0.2
GaN:C 375 −1.00 4� 0.2
GaN:Mg 365 −0.79 57� 5
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VB may transfer to the tri-carbon defect (+ charge state) by
absorbing probe light, causing the absorption response in
TAS, which also explains the non-zero absorption after a rapid
decay, as shown in Fig. 3. The CN defect, on the other hand,
can only absorb the photons in the near-infrared region, and
thus no absorption response will be observed during the visible
detection window.

There is a direct relationship between the n and the real part
of the dielectric function ε�ω�∶n ≈ Re�ε�ω�1∕2� for transparent
materials (see Appendix C for details). The ε�ω� is related to
many factors, such as the electron concentration in different
states (CB, defect state, and VB), the location of the defect
in the bandgap, and the probe wavelength [51]. Based on
the previous analysis, the ϕ1 factor associated with free-carrier
refraction can be initially disregarded. Moreover, considering
that the broadband absorption response is modulated by the
excitation of the tri-carbon defect, the photon energy of the
probe (ω) and the energy difference between the VB and
the tri-carbon defect (ωtr) are roughly equal, ranging from ap-
proximately 1.5 to 2.5 eV, and the width of the transition
(1∕τ12) is greater than 1 eV. Under these conditions, the sign
conversion of Re�ϕ2� occurs across the probe wavelength spec-
trum and the Re�ϕ2� is calculated to be approximately zero
simultaneously [52]. Consequently, the contribution of the
tri-carbon defect to the NLR can be negligible. Thus, we fur-
ther focus on the modulation ofCN on the refraction dynamics.
Before optical excitation, the −1 charge state is dominant for
the CN defect [53,54], so we discuss the source of C0

N and
C�
N , respectively. The C

0
N states come from (1) the charge trans-

fer by the pump light (C−
N → C0

N � e−), (2) the hole capture
process through C−

N (C−
N � h� → C0

N), and (3) the electron
capture process through C�

N (C�
N � e− → C0

N). However, the
C�
N states can be generated via a sole way: the hole capture pro-

cess via C0
N (C0

N � h� → C�
N). The rate equation (see

Appendix D for details) can be established based on the above
analysis, which can simulate the concentration ofCN-related de-
fect states. The simulated dynamics shows that the dynamic pro-
cess of C�

N defect states agrees well with the experimental NLR
dynamics, as shown in Fig. 7(b). Therefore, the modulation of

refraction dynamics is probably attributed to the C�
N state.

Moreover, the C�
N state will quickly capture the electrons

in theCBafter excitation [55], corresponding to the fast recovery
of the NLR dynamics. Note that the recovery time of refrac-
tion at 350 nm excitation is slower than 365 nm. This can
be explained by the increased concentration of the C�

N state in-
duced by pump light (C0

N → C�
N � e−), and therefore the decay

of theC�
N state slows down through the hole trapping ofC0

N. For
the shallow trap of the C�

N , the ωtr (∼0.4 eV) is significantly
smaller than the probe energy ω [56,57]. This results in a
negative sign for the Re�ϕ2�, which aligns with the extracted
Δn. Notably, the sign and dynamics of the Δn induced by
the C�

N defect state are in harmony with the predictions derived
from the dielectric and rate equations. Our results not only dis-
tinguish the effects of different carbon defects (isolated CN and
tri-carbon) on carrier capture dynamics from the perspective of
both absorption and refraction response, but also elaborate on
their contributions to NLA and NLR, providing a deeper and
clearer understanding of the dynamics of C-related defects
in GaN.

4. CONCLUSION

To summarize, broadband NLR and its dynamics in C-doped
GaN were systematically studied based on absorption spectros-
copy. The TAS presents an oscillation superimposed on the ba-
sis of NLA. The transient absorption dynamics shows that the
absorption kinetics primarily depends on the surface recombi-
nation and carbon-related recombination. Using a refraction-
related interference model based on NLA, we demonstrate that
the blue-shift of spectral peaks is mainly caused by a negative
Δn, and the wavelength dependence of Δn is different from
that of free carrier. Remarkably, the sensitivity of Δn using
the interference model is up to ∼10−4, corresponding to the
wavefront distortion of ∼λ∕1000. The refraction dynamics in-
dicates that the NLR of GaN:C has an ultrafast switching time
(<10 ps) and the Δnmax is at least one order of magnitude
larger than that of GaN:Mg. Finally, the energy level model
based on C-related defect was established. The modulation

Fig. 7. (a) Excitation and capture processes for the transition of different charge states of CN and tri-carbon defects. (b) Transiens CN

concentration simulated by the rate equation.
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of refraction dynamics comes from the capture of electrons by
the C�

N state, while the NLA modulation originates from the
transition of tri-carbon defect charge state. The extremely high
sensitivity method for the NLR measurements based on TAS
can be applied to the broadband nonlinear optical measure-
ments for thin film, composite film, and other two-dimensional
materials in micro–nano level, promoting future applications in
the field of ultrafast all-optical and integrated photonic devices.

APPENDIX A: SIMULATED ABSORPTION
RESPONSE

The change of interference intensity depends on the phase
difference, and it can be expressed by k × 2n�λ�d, where
k � 2π∕λ. The refraction-related interference model is used
to simulate the absorption response ΔmOD � 10−3ΔOD
without/with pump excitation when Δn � 0, and the ΔmOD
induced by pure NLA response with transmittance T s � 0.96
is calculated, as shown in Fig. 8. We have shifted downward

the curve in Fig. 8(c) for better comparison, which is plotted
in Fig. 2(d).

APPENDIX B: TRANSIENT REFRACTION
DYNAMICS UNDER DIFFERENT EXCITATION
WAVELENGTH

Transient refraction dynamics of GaN:C samples at other ex-
citation wavelengths and also extracted refraction dynamics of
GaN:Mg at 365 nm are shown in Fig. 9.

APPENDIX C: DIELECTRIC FUNCTION MODEL

The dielectric function ε�ω� of semiconductors is given by

ε�ω� � 1� e2

mε0
�N 0 − NCB − N tr�f 12

1

ω2
12 − ω

2 − iω∕τ12

� e2

ε0
× �ϕ1 � ϕ2� � χ3effE

2
p ,

ϕ1 � −
NCBf CB

m∗
1

ω2 � iω∕τe−p
,

ϕ2 �
N trf tr

m
1

ω2
tr − ω

2 − iω∕τtr
, (C1)

where m (m	) is the electron mass (effective mass), ε0 is the
vacuum permittivity, and N 0, NCB, and N tr are the density of
valence band electrons, conduction band electrons, and trapped
electrons (bandgap), respectively. f CB is the oscillator strength
standing for the transitions occurring in the CB, and 1∕τe−p sim-
ulates the electron–phonon collisions in the CB. ω is the probe
energy. ωtr is the energy difference between the VB and the first
excited state of the induced defect; 1∕τtr is the width of this tran-
sition. f tr is its corresponding oscillator strength. 1∕τ12 is the
width of the transition. χ3eff is an effective third-order nonlinear
susceptibility, and Ep is the electric field associated with the
pump laser pulse. ϕ1 is always negative, which is proportional
to the density of electrons that have been excited by the pump
pulse in the CB. The last term stands for the trapping of the
electrons subsequent to a defect formation.

Fig. 8. Absorption response (a) without pump excitation and
(b) with pump excitation simulated by interference model. (c) ΔmOD
obtained by subtracting (a) from (b). The dashed lines represent the
absorption responses without light interference.

Fig. 9. Maximum Δn dynamics at (a) 360 nm and (b) 375 nm in GaN:C sample. (c) Maximum Δn dynamics at 365 nm in GaN:Mg sample.
Probe wavelength is ∼580 nm, and the pump fluence is 1.16 mJ∕cm2. The solid lines are the theoretical fitting, and the inset shows the semi-
logarithmic plot under logarithmic coordinates after 10 ps.
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APPENDIX D: RATE EQUATIONS BASED ON
CARRIER TRAPPING

The rate equations according to the model are described as

dn
dt

�α0I
ℏω

�σ0IN −

ℏω
�σ1IN 0

ℏω
−Cn1ΔnN 0−Cn2ΔnN�−

Δn
τ
,

dp
dt

�α0I
ℏω

−Cp1ΔpN − −Cp2ΔpN 0−
Δp
τ
,

dN 0

dt
�σ0IN −

ℏω
−
σ1IN 0

ℏω
�Cp1N −Δp−Cp2N�Δp

−Cn1N 0Δn�Cn2N�Δn,
dN�
dt

�σ1IN 0

ℏω
�Cp2N 0Δp−Cn2N�Δn,

N −�N t −N 0−N�, (D1)

where Δn and Δp are the non-equilibrium carrier concentra-
tion of electrons and holes, α0 is one-photon absorption coef-
ficient, and I is the light intensity of the pump beam. σ0 and σ1
represent the absorption cross section where the outer electrons
of C−

N and C0
N are ionized into the CB by the pump light, re-

spectively. N t represents the concentrations of the total recep-
tor (defect), and N 0, N�, and N − are the concentrations of
C0
N, C

�
N , and C−

N, respectively. Cn1 and Cn2 are the electron
capture coefficients of C−

N and C�
N , and Cp1 and Cp2 are

the hole trapping coefficients of C−
N and C0

N. The relevant
parameters used for the simulation of defect dynamics were ex-
tracted from Refs. [55] and [56].
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