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ABSTRACT 
The relaxation dynamics of the carriers through the defect levels in an epitaxial GaN film grown with 

an AlN buffer layer on Si has been performed on the femto-picosecond timescale, using ultrafast 

transient absorption spectroscopy (UFTS). The sample was pumped above and below the band gap and 

probed with a white light continuum (480-800 nm). A combination of bi and triple exponential decay 

functions at different probe wavelengths were used to fit the kinetic profile of the carriers in the defect 

continuum. Based on the UFTS measurements, a model is proposed which explains the dynamics in 

the shallow traps and deep level defects. Furthermore, to determine the role of lattice in the relaxation 

dynamics the experiment was conducted at a low lattice temperature of 4.2 K. The relaxation constants 

from the UFTS measurements confirm not only the presence of shallow and deep level defects but also 

the involvement of phonons in one the relaxation processes. 
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Since the last two decades Gallium Nitride has inspired a plethora of research activities 

because of its potential application in optoelectronic and photovoltaic devices such as solar 

cells[1], solar-blind photodetectors[2-3], LEDs[4-6] and laser diodes[7-8] due to its capability to 

tailor the band gap through the visible spectrum by alloying with Al and In. The bulky and 

toxic nature of the currently available UV lamps has also sparked interest in realizing 

portable and robust GaN based UV-LEDs[5]. Such devices employ the UV region for 

purposes such as water sterilisation[9], air purification, surface disinfection[10], non-line-of-

sight covert and space to space communication[11-12], counterfeit detection and detector for 

particle radiation, biological[13-14], chemical agents[15] and etc. Furthermore, in many of the 

above mentioned devices and applications it is imperative to detect UV light without 

detecting the infrared or visible light, in order to minimize the chances of erroneous detection 

or high background[16-17]. It is well known that wide band gap semiconductors like GaN and 

ZnO have inherent defects[18], which can significantly alter the optical properties and 

performance of the device[19-21]. Park et. al.[17] report the application of a low current blocking 

layer of AlGaN to minimise erroneous detection. These defect components in the emission 

spectrum are undesirable and limit the performance of laser devices[22] and in LEDs, these 
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defects affect the carrier injection[23-24]. Hence, a detailed analysis of the non-equilibrium 

carrier dynamics of GaN films in the visible region is critical not only to understand the 

carrier transport and relaxation process but also for optimizing the grown structure for 

fabrication of energy efficient opto-electronic and photovoltaic devices. The availability of 

ultrafast laser systems which can produce pulses in the range of femtoseconds has enabled the 

investigation of carrier dynamics and transitions taking place in the femto-picosecond time 

scale. In the current study of carrier relaxation through UFTS, which is a non-contact method 

to study the defect dynamics, we have provided complementary information to steady-state 

experiments in the band-gap region which may not be easily accessible using techniques such 

as photoluminescence and deep level transient spectroscopy. A lot of work highlighting the 

femtosecond non-equilibrium dynamics in the near band gap or excitonic region[25-30] has 

been carried out. However, in this paper an attempt has been made to analyse carrier 

dynamics in defect states in the femto-picosecond timescale in an unintentionally doped 

(UID) n-GaN, an inorganic semiconductor in the visible region of the spectrum (~480-800 

nm) based on a spectro-temporal model taking the probe wavelength (λ), time elapse after 

excitation (t) and difference absorption (∆A(λ,t)) as the model parameters. For analysis of the 

data, the temporal variable ‘t’ and the spectral variable ‘λ’ have been plotted to show the 

spectral variation of the signal for a given delay time, i.e. an evolution associated difference 

spectra (EADS) and a plot of the progression of the difference absorption signal (∆A (λ, t)) 

after t at a given probe wavelength, i.e. a kinetic trace has been obtained. The utilization of a 

white light continuum probe beam and the EADS for a continuous range of probe wavelength 

offers an in-depth analysis of the defect region provides an insight into the thermalization 

process of the hot carriers in addition to the spectral and temporal properties of the different 

processes that govern the relaxation in the GaN film. The UFTS measurements have served 

as a tool to understand the carrier transport mechanism which enhances functionality by 

providing information about the sample emission origin. 

 

In this report, the GaN film was grown by plasma assisted–molecular beam epitaxy (Riber 

Compact 21) equipped with a radio frequency plasma source (Addon) for supplying active 

nitrogen species and an effusion cell to evaporate Ga on the substrate. The Si(111) which is 

used as a substrate for the growth of GaN film was chemically pre-cleaned  by  employing  

the  standard  RCA  cleaning  process  followed  by outgassing in the buffer chamber at 

600°C. The growth chamber pressure of 3.0×10-5 Torr and RF plasma power of 500 W was 

kept constant throughout the growth process. Initially, an AlN buffer layer was grown on an 
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atomically clean Si (111) 7×7 reconstructed surface at 850 °C, followed by the epitaxial GaN 

film which was grown at 740 °C with a Ga beam equivalent flux of 8.5×10-7 Torr. The 

epitaxial nature of the grown GaN film was analysed in-situ by Reflection High Energy 

Electron Diffraction (RHEED) using STAIB electron gun operating at 12 keV. The structural 

quality of GaN film was examined by High Resolution X-Ray Diffraction (HRXRD, 

Panalytical X’Pert PRO MRD System) instrument. Cross sectional Field Emission Secondary 

Electron Microscopy (FESEM, ZEISS AURIGA) was employed to measure the thickness of 

the grown GaN film. The Photoluminescence (PL) measurement of the grown sample was 

performed with a continuous wave excitation of 325 nm using a He-Cd laser (Melles Griot). 

The carrier concentration of the grown GaN film was determined by performing Hall 

measurements and is found to be 1.48x1017 /cm³. The UFTS is carried out through the pump-

probe method in which the sample is excited at a given wavelength by using the Ti: Sapphire 

laser and a relatively weaker probe pulse, at a broad range of delay times to investigate the 

relaxation dynamics of the excited carriers. The Ultrafast Transient Absorption Spectrometer 

(Helios, Ultrafast systems) is integrated to an amplified Ti: Sapphire Laser System (Coherent 

Legend). The laser system produces a pulse with 800 nm, 35 fs pulse width with 1 kHz 

repetition rate and 4 mJ average energy output. Figure 1 shows a simplified block diagram of 

the UFTS set-up. The pulse is fed into a cavity containing a stretcher/compressor and 

regenerative amplifier, pumped by a (VERDI). The output of the regenerative amplifier is 

again an 800 nm, ~45 fs pulse with a repetition rate of 1 kHz. Approximately 50% is fed into 

an Optical Parametric Amplifier-OPA (TOPAS from Light Conversion) for generating the 

appropriate pump wavelength, while the remaining 10% is used to generate the white light 

continuum through a Sapphire disk for the probe pulse. The OPA generates spectrally tunable 

(240-2600 nm) femtosecond pulses with a pulse width of 70 fs to optically pump the sample. 

In order to obtain the difference spectra (∆A) signal, the pump beam frequency was halved to 

500 Hz with a chopper, the sample was then pumped at a fluence of 20 µJ/cm2. Highly stable 

output pump beams of 320 and 420 nm from TOPAS were used to excite the carriers above 

and below the band-edge, in other words a UV-Vis pump and a visible light probe were used 

to conduct the experiment. For the above mentioned excitations, EADS was taken for a delay 

time ranging from 1 to 100 ps. To check the dependence of the carrier relaxation time on the 

lattice temperature, the experiment was performed at a controlled temperature of 4.2 K by 

placing the sample into a continuous helium flow cryostat (Optistat CF2). The fitting of the 

experimental data obtained from UFTS was carried out using Surface Xplorer. 
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The structural quality of the grown GaN film was analysed using HR-XRD measurement. 

Figure 2 shows the 2Ɵ scan of GaN film grown on Si (111) substrate. The 2Ɵ peak positions 

at 34.75º and 36.2º are attributed to diffraction along (0002) plane from GaN and AlN grown 

film respectively while the peak at 73.05º corresponds to the (0004) plane of diffraction of 

GaN. In addition, two sharp peaks at 2-theta position of 28.85º and 59.25º are attributed to 

(111) and (222) plane of diffraction from silicon substrate. The presence of first and second 

order X-ray diffractions of GaN in the 2Ɵ scan confirms the formation of crystalline GaN 

film grown on silicon substrate. The RHEED pattern observed for GaN along (11-20) and (1-

100) zone axes are shown in the inset of figure 2 marked as (a) and (b). The typical sharp and 

streaky 1x1 reconstructed RHEED pattern of GaN film has been observed. The Kikuchi 

diffraction pattern observed in the (112 ̅0) direction manifests the two-dimensional (2D) 

growth of GaN epitaxial film. To establish the optical property of the sample, a PL study was 

conducted. The PL spectrum for the GaN/Si film is shown in figure 3. From the band edge 

transition peak, the band-gap of the GaN film was determined to be 3.41 eV at RT. The peak 

at 3.2 eV has been attributed to the transitions from the shallow donor levels due to the 

unintentional doping of the GaN film[18]. The presence of a broad hump centred at ~3 eV 

points towards blue luminescence related defect states. This broad hump is related to 

transitions from shallow donor levels to deep acceptor levels[31]. Another broad peak centred 

at 2.37 eV has been identified as the green luminescence. Since, the sample has been grown 

with a high Ga flux, therefore the deep acceptor states can be created in the sample due to the 

excess Ga and this luminescence is related to internal transitions in defect states[18]. Carrier 

relaxation dynamics from these defects states are studied and explored in detailed via UFTS 

in next section. Inset of figure 3 shows the cross sectional FESEM image of GaN/AlN/Si 

heterostructure. A legible interface has been observed and the thickness of AlN and GaN 

films were found to be 45 nm and 85 nm respectively with an error of ±10 nm.   

 

In a typical plot of ∆A (λ, t) (optical density) with λ (nm) a broad bleaching and a single broad 

band is recorded. Figure 4 shows the EADS as a function of probe wavelength, λ in the range 

of 480-800 nm corresponding to the delay times, t (ps) from 0 – 100 ps for the sample excited 

at 320 nm. The figure shows the bleaching states from 480-600 nm and the excited state 

absorption from 600-800 nm. The inset (a) of figure 4 shows the time profile for the carrier 

relaxation corresponding to the various wavelengths from 521-771 nm. For perfect fitting, a 

triple exponential decay model has been used for λ at which a negative ∆A signal is present. 

The following equation was used for fitting: 
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where, IRF is an instrument response function, t0 is time zero, Ai and τi are amplitudes and 

decay times respectively. The decay parameters from the triple exponential fit for the 

bleaching states and the bi- exponential fits for the excited state absorption are shown in table 

1.  

 

While exciting the sample at 320 nm creates electron–hole pairs above the GaN band edge, 

the observation of a negative signal at probe wavelengths of 480 to 600 nm leads to draw an 

inference that defect levels are present in this region[32-33]. In view of this, the three time 

constants have been assigned to three probable mechanisms. In the first mechanism the 

carriers (37.2-11%) decay to a mid-gap defect level[34] with τ1
 ~ 8.06 to10 ps, in the second 

mechanism the carriers (58.2-80.5%) decay to deep acceptor states near the valence band 

edge with τ2 ~ 35.4 to 28.8 ps and in the third mechanism the carriers (4.67-8.44%) relax to 

the valence band edge[32] with τ3 ranging from 608 ps to 1000 ps as the decay constant. A 

proposed model highlighting these transitions is shown as inset (b) in figure 4. A comparison 

of the minimum value of ∆A with λ works as an approximation of the density of states at the 

specific probe wavelengths[32]. As the minimum ∆A decreases with λ, it is inferred that the 

density of defect states decreases from 480 to 600 nm. Since the detector employed in the 

experiment is set to measure from 470 to 800 nm hence a distinct ground state bleaching 

(GSB) peak is not observed but rather a continuum of a bleaching band can be seen in figure 

3 for a delay time of ~ 0.4 ps to 25 ps. The broadness in the GSB from 480-600 nm shows 

that the part of stimulated emission is also present in the GSB band. It can be seen from the 

onset value of ∆A for the bleaching band that with an increase in delay time the bleaching 

decreases with a maximum, at a delay time of 0.5 ps, in other words with an increasing delay 

time, the defect continuum saturates as stimulated emission from the shallow trap levels to 

the ground state of the sample decreases. The observation of a broad absorption band from ~ 

600 to 800 nm can be from two photon absorption (TPA) due to the presence of defect levels 

in the mid-gap region[32]. The signal corresponds to the presence of mid-gap defects and 

indicates that these defect states are populated with a carrier localization time of less than 0.2 

ps for all the above λ. A sequential analysis of figure 4 reveals that saturation in the positive 

signal is achieved at a delay time of ~ 0.75 ps, on either side of which the absorption 

decreases. For delay times in the range of 0.5-25 ps, the absorption band maximum is 

observed at ~ 771 nm which corresponds to an energy of 1.61 eV. For λ ranging from 600-
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800 nm, a perfect fit was obtained for the band with two relaxation time constants, τ1 and τ2 

as shown in table 1. A systematic analysis is required to establish the correlation between 

specific defects such as screw and edge threading dislocations, point defects, grain 

boundaries etc. to the particular defect levels in the forbidden gap.  

 

For a better understanding of the above mentioned defect levels and their relaxation 

mechanisms, the carriers were excited at 420 nm to populate the shallow levels below the 

band gap (480 -600 nm). The time resolved absorption of the sample at specific wavelengths 

is shown in figure 5. The inset (a) of figure 5 shows the EADS spectrum at various time 

delays in which only a positive signal for λ from 480 to 800 nm is observed with a broad 

hump centred at 480-650 nm and a broad peak at ~771 nm. A triple exponential decay yields 

a perfect fit for all the probe wavelengths. A schematic model for the relaxation process is 

shown in figure 5, inset (b). It is proposed that the initially hot carriers (84.3-57.8%) scatter 

into the available bands with a relaxation time, τ1 ranging from 0.154-1.88 ps. It is inferred 

from the gradual increase in τ1 with the probe wavelength that as the energy of the generated 

carriers decreases the number of available states for scattering decreases. These carriers 

(14.1-34%) then either relax to mid gap defect levels with τ2 as the relaxation time which is in 

the range of 3.45 ps to 16.7 ps or they relax to the ground state in the valence band region  

with a long decay time of τ3 (1.66-8.19%) from 554 ps to 1890 ps. As shown in table 1, the 

amplitude corresponding to the first two decay constants, τ1 and τ2 contribute to the positive 

signal and the amplitude of the third, τ3 is responsible for the negative dip observed in the 

absorption signal of figure 5. 

 

To ascertain the level of interaction of the carriers with the lattice, the UFTS measurements 

were carried out at the same fluence and pump excitation of 320 nm at 4.2 K. Figure 6 shows 

the EADS of the sample for maximum signal at RT and 4.2 K. The band filling effect can be 

seen till 636 nm at 4.2 K as compared to 600 nm at RT. In addition to this, two distinctive 

features can be seen at 4.2 K. The first is the presence of a peak centred at 760.6 nm (1.63 

eV) and the second is the decrease in magnitude of the positive absorption band till 786 nm 

followed by an increased ∆A signal (near infrared region) relative to RT. The parameters 

obtained at 4.2 K fits well with the model outlined in figure 4, inset (b). On comparing the 

decay values listed in table 1, for λ (480-636 nm) a considerable decrease in τ2 and τ3 and an 

increase in the value of τ1 is observed. It can be inferred that the relaxation mechanism 

associated with τ1 is phonon assisted[35] whereas, the process related to τ2 and τ3 may take 
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place via carrier-carrier scattering. For λ from 636 to 800 nm, τ1 and τ2 both decrease and in 

addition to this, the relative number of carriers which relax via the two mechanisms is 

interchanged. For pumping above band gap, it can be concluded that the mechanism τ1 is a 

non-radiative process for probe wavelengths where GSB is observed. However, for a definite 

categorization of the type of process involved with τ2 and τ3 fluence dependent measurements 

need to be performed.  

 

In summary, UFTS using femtosecond laser pulse was performed on an UID GaN/Si, this 

enabled a detailed analysis of the non-equilibrium carrier dynamics in the defect states 

namely, the shallow trap, mid-gap and deep acceptor (near valence band-edge) levels. The 

dynamics were studied in detail with the lattice temperature at RT and 4.2 K. For pump 

excitation of 320 nm, the analysis reveals the presence of shallow defect levels lying in the 

region of 480 to 600 nm. It also shows excited state absorption from 600 to 800nm. The bi 

and triple exponential fits for the relaxation dynamics yields two and three time constants and 

their respective amplitude contribution to the difference absorption. Based on these 

parameters a model highlighting the carrier dynamics has been proposed. To support the 

proposed model, another pump excitation of 420 nm was used in which the carriers were 

excited just above these shallow defect levels, from which their relaxation was studied. The 

decay constants obtained from the triple exponential fit for the kinetic trace corroborates the 

model of shallow and deep level defects. 
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Table 1: Fitting parameters for excitation at 320nm (RT and 4.2 K) and 420 nm. 
 

Pump 

Wavelength 

(nm) 

320 

 

420 

(RT) 

Probe 

Wavelength, 

λ (nm) 

521 
(RT) 

521 
(4.2 
K) 

550 
(RT) 

550 
(4.2 
K) 

580 
(RT) 

580 
(4.2 
K) 

771 
(RT) 

771 
(4.2 
K) 

521 550 580 771 

A1 (%) -37.2 -32.7 -43.7 -23 -11 -22.1 59.9 43.5 84.3 55.4 61.5 57.8 

τ 1 (ps) 8.02 9.42 10.7 11.2 10 16 12.7 6.27 0.154 0.758 1.16 1.88 

A2 (%) -58.2 -63.8 -51.6 -70.2 -80.5 -70.5 40.1 56.5 14.1 36.8 30.4 34 

τ 2 (ps) 35.4 29 39 24.5 28.8 22.8 57.5 33.4 3.45 6.68 12 16.7 

A3 (%) -4.67 -3.51 -4.67 -6.79 -8.44 -7.43 - - -1.66 -7.74 -8.07 -8.19 

τ 3 (ps) 608 300 1140 228 1000 199 - - 554 555 803 1890 
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Figure captions: 

 

Figure 1: A simplified block diagram of the ultrafast transient absorption system. 

 

Figure 2: HR-XRD 2θ scan of GaN film grown on Si (111) substrate. The RHEED pattern for 

GaN in the (11-20) and (1-100) zone axes are shown in inset (a) and (b) respectively. 

 

Figure 3: The RT continuous wave photoluminescence spectrum for the sample.  The inset 

shows the cross-sectional FE-SEM of the sample with the thickness of the AlN layer as 45 

nm and 85 nm of GaN layer.  

 

Figure 4: EADS of the sample excited at 320 nm for a time delay of 0-100 ps and inset (a) 

shows the respective kinetic traces at different probe wavelengths for a delay time of 0.750ps, 

RT with their fitted decay profile (b) illustrates the proposed model for the corresponding 

relaxation mechanism. 

 

Figure 5: The kinetic traces for below band gap excitation of 420 nm at different probe 

wavelengths for a delay time of 1ps, RT with their fitted decay profile. Inset (a) shows the 

EADS of the sample excited at 420 nm for a time delay of 0-100 ps. (b) Illustration of the 

relaxation mechanism for pumping at 420nm. 

 

Figure 6: The EADS at which maximum signal is obtained for RT and 4.2 K and the inset 

shows the kinetic trace at a probe wavelength of 771 nm. The arrows show the three 

significant differences that can be seen at 4.2 K from RT. 
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Figure 2 
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Figure 3 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 15 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

 

Figure 4 
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Figure 5 
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Figure 6 
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Carrier relaxation dynamics through the defect levels in an epitaxial GaN/AlN/Si has been 

analysed on femto-picosecond timescale, using ultrafast-transient absorption spectroscopy.  
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