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ABSTRACT

We report the carrier density dependence of carrier dynamics of Mg-doped InN (InN:Mg) films. Recently, we have
demonstrated a significant enhancement of terahertz emission from InN:Mg, which is due to the temporal evolution of
drift and diffusion currents depending on the background carrier density. We studied the details of carrier dynamics of
InN:Mg which is crucial for the clarification of the terahertz emission mechanism by performing the time-resolved
optical reflectivity measurement on InN:Mg films grown with different Mg-doping levels. Experimental analysis
demonstrates that the initial sharp drop and recovery of reflectivity response of InN:Mg films are dominated by
photocarrier-dependent bandgap renormalization and band filling processes, whereas the slow decay time constant (t,) of
reflectivity of InN:Mg has the strong dependence on the background carrier density. As the carrier density decreases
from that of undoped InN, 1, of InN:Mg continuously increases and reaches the maximum value at a critical value of
~1x10" cm™. Interestingly, the strongest terahertz radiation was observed at this carrier density and it keeps decreasing
with the increase of carrier density. Intense terahertz radiation corresponds to the fast and large spatial separation of
charged carrier density through diffusion and drift. Large spatial separation results in the longer decay time for charged
carriers to reach equilibrium after strong emission of terahertz waves, and it explains the similar carrier density
dependence of terahertz emission and t,.
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1. INTRODUCTION

Recently, research activities in indium nitride (InN) have been dramatically increased due to its potential applications in
high-frequency electronic devices, near-infrared optoelectronics, and high-efficiency solar cells. To realize the InN-
based optoelectronic devices, it is essential to have the ability to fabricate both n- and p-type InN. Typically, as-grown
indium nitride film is n-type due to its high electron affinity and its carrier density (») is in the range of 10'"~10" cm™.
n-type InN with even higher carrier density is possible by doping InN with donors such as Si, while the realization of p-
type InN is known to be very difficult. Although there is still a lack of direct measurement results of hole transport, it has
been proposed that the realization of p-type InN may be possible by using Mg as an acceptor dopant.' Meanwhile, due to
its narrow bandgap and high electrical mobility, InN has been considered to be a candidate of efficient terahertz emitter.
However, due to high intrinsic carrier density, terahertz emission from as-grown c-plane InN is typically much smaller
than other narrow bandgap semiconductor such as InAs. Recently, we have demonstrated a selective enhancement of
terahertz emission from Mg-doped InN (InN:Mg). The selective enhancement of emission was due to the competition
between drift and diffusion currents depending on the n-type carrier density.” Terahertz pulses induced by femtosecond
laser pulses have the pulsewidth of <1 ps, indicating that spatial redistribution of carriers through drift and diffusion
occurs in the same time scale.’ Therefore, in order to fully understand the terahertz emission mechanism, it is essential to
clarify the details of ultrafast carrier dynamics. There have been several reports on the carrier dynamics of InN films*'?
and nanostructures,"'* but no systematic study has been reported on carrier dynamics of InN:Mg and its dependence on
background carriers. In order to identify the contribution of background electrons in carrier dynamics of InN, we
performed the time-resolved optical reflectivity measurement on InN:Mg films grown with different Mg-doping levels.
Experimental analysis demonstrates that bandgap renormalization (BGR) and band filling (BF) processes dominate the
initial time dependence of reflectivity. The time constant of hot-carrier cooling in InN:Mg was measured to be in the
range of subpicosecond to a few picoseconds, which agrees with previous results.* """
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Meanwhile, the carrier decay time of InN:Mg shows a strong dependence on the background carrier density and its
dependence is found to be similar to that of terahertz radiation. In particular, the carrier decay process following the
cooling is found to be closely related with terahertz radiation in InN:Mg. Since the terahertz radiation from photoexcited
semiconductors is the transient electric dipole radiation due to the acceleration of photoexcited carriers, the amplitude
and the polarity of terahertz field are determined by the magnitude and the direction of drift and diffusion current. Strong
terahertz emission from InN:Mg is accompanied by the large spatial separation of dipoles and carriers need much longer
time to relax to the equilibrium and it explains the correlation between them. In this paper, we also present the details of
carrier dynamics of InN:Mg including pump fluence dependence of carrier lifetimes and diffusion coefficient.

2. EXPERIMENTAL METHOD
2.1 Experimental set-up

The optical pump-probe measurement was performed using a Ti:sapphire laser system, which delivers ~150 fs optical
pulses at a center wavelength of 800 nm. The pump laser beam was incident on the samples at a near-normal angle and
the transient reflectivity change (AR/R) of the probe beam incident at 45° was recorded as a function of the delay time
between the pump and probe pulses. Terahertz radiation was measured by using a time-domain terahertz measurement
method. In this experiment, the pump laser beam is collimated on the samples with a spot size of ~ 2 mm at the incident
angle of 70° and the typical fluences of pump pulses incident at 70° are in the range of 100-500 wJ/cm’. Terahertz pulses
were detected by the free-space electro-optic sampling method in a 2-mm-thick ZnTe crystal as a function of delay time
with respect to the optical pump pulse.

2.2 Sample preparation

Wourtzite N-polar, undoped and Mg-doped InN films with different electron concentrations were grown by plasma-
assisted molecular beam epitaxy on Si(111). The film thicknesses of samples are in the range of 1-1.5 um. Mg doping
was performed with a high-purity Mg (6N) Knudsen cell and the Mg doping level was controlled by regulating the cell
temperature between 180 and 290°C. The electron density and mobility of each sample determined by room-temperature
Hall effect measurement are subject to the Mg doping level and their dependence on the Mg cell temperature is
illustrated in Fig. 1(a). Here, the carrier density shows a peculiar dependence on the Mg doping level in such a way that
the carrier density first decreases as the Mg cell temperature increases and then increases at higher Mg cell temperatures
due to longitudinal optical phonon-plasmon coupling.'> Figure 1(b) shows the background carrier dependence of Mott-
Schotty plot of C-V data of InN:Mg, which is consistent with previous result."®

—~ [ 1500 1.8 o —

@ a —4.0X cm

g ( ) —~ 15} —1.1x10"% cm™

s ' ?N'LI_ . —1.2x10"% cm™®

24 I —2.8x10"® cm®

RS e110007 S * 4.4x10" cm®

c \ / o x

S \\\ ° 2% 0.9

E \ o ! = O

Z / 5 § o6

% 2F \ o o -‘§ :

S e ©® / {50 E B

S es ©® T 203

(&) N S 3 T @©

- [ ] AN .. % (@)

2 o6, 0o 0.0} i

[ 0 JF 1 1 1 1 1 1

S o 200 250 15 1.0 -05 00
Mg cell temperature (°C) Voltage (eV)

Fig. 1. (a) Background carrier concentration and electron Hall mobility of InN:Mg as a function of Mg cell temperature
(b) Mott-Schottky plot of capacitance-voltage data obtained from InN:Mg films using an electrolyte contact.
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We also measured the infrared reflectance of InN:Mg with different background carrier density and plotted it in
Fig. 2. The plasma reflection edge shift with respect to undoped InN film is observed for three InN:Mg films with
lower carrier densities.
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Fig. 2. Infrared reflection curves of InN:Mg with background carrier density. The black curve with the carrier density of
3.1x10" cm™ corresponds to one of undoped InN film.

3. ULTRAFAST OPTICAL PUMP-AND-PROBE EXPERIMENT

Figure 3(a) shows the transient reflectivity of the undoped InN film measured at various excitation fluences (F)
ranging from 100 to 500 pJ/cm?®. The differential reflectivity AR/R of the samples excited at F > 200 pJ/cm?® sharply
decreases with the pulsewidth-limited falling time, which is much longer than the carrier-carrier scattering time (< 50 fs)
measured by the terahertz time-domain spectroscopy method.!” The decreased differential reflectivity rapidly recovers to
a positive value with a time constant of 7, and it is followed by a slow decay with a time constant of 1,. The maximum
change of reflectivity —(AR/R)ya increases linearly with increasing pump fluence, indicating the contribution of
intraband carrier absorption.

For photoexcited semiconductors, the temporal evolution of reflectivity can be affected by the carrier dynamics
through several effects, such as BF, BGR, free carrier absorption, and carrier recombination.’ Among them, BGR due to
the screening of electron-hole Coulomb interaction is the dominant process at high carrier density and its effect causes
the decrease of reflectivity. Therefore, the initial sharp decrease of reflectivity observed in Fig. 3(a) indicates the strong

contribution of BGR for highly photoexcited InN. As the photocarriers cool down and relax toward the band
edge, the BF effect, which increases the reflectivity, begins to be important so that AR/R recovers toward less

negative values. At low excitation (F < 200 uJ/cm?), due to the generation of less dense photocarriers, only the BF
effect is observed. The dominant contribution of the BF effect to reflectivity is also observed for InN nanorod arrays
which are grown at sample temperature of 520°C on Si(111)."*'" InN nanorod arrays consisted of nanorods of the
diameter of 60 and 130 nm have higher background carrier density (~10" c¢m™) than InN films which exceeds the
density of photoexcited carriers at the current pump fluence” experience the strong BF effect and the transient
reflectivity sharply increases as soon as the pump pulses arrive. The details of the carrier dynamics of InN nanostructure
arrays will be discussed in the future publication.

The carrier lifetimes 1; and 1, were obtained from the best fitting to the measured reflectivity using double
exponential functions. Figure 4 shows that 1, increases linearly from ~0.2 to 1.2 ps as F increases from 100 to 500
pJ/em?, while 1, is nearly independent on the change of pump fluence. The slow decay of reflectivity can be affected by
various processes, such as carrier diffusion, radiative, nonradiative, and Auger recombination. The pump fluence-
independent 7, in Fig. 4 indicates that the carrier decay mechanism is not affected by radiative or Auger recombination
process, but by a process which is independent on the total carrier density, including the densities of background and
photoexcited carriers.
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Fig. 3. (a) Reflectivity transient of an undoped InN film with the background electron density of 3.1x10'® cm ™ measured

under different levels of photoexcitation, (b) Reflectivity transient of a InN nanorod arrays.
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Fig. 4. The carrier recovery (t;) and decay (t,) time constants obtained from the double exponential fits to the reflectivity
responses shown in Fig. 3(a).

In order to investigate the roles of the background carrier density in the carrier dynamics in InN, we measured the
transient reflectivity of the InN:Mg films with various carrier densities at the pump fluence of 350 wJ/cm?. Figure 5
shows that while the overall trend of transient reflectivity of InN:Mg is similar to that of undoped InN in Fig. 3(a), each
InN:Mg film with different background carrier density has different 7, and the minimum value of AR/R. As it is shown in
Fig. 6, 1, has a peculiar dependence on 7 in such a way that as n decreases from that of undoped InN, t, increases until it
reaches its maximum value ~10 ps at n~1x10" cm™ and decreases as n decreases below 7.. Since each InN:Mg film is
photoexcited at the same pump fluence, the fast carrier lifetime t; corresponding to hot carrier cooling through phonon
emission does not show the dependence on the background carrier density 7.
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Fig. 5. Transient reflectivity of the Mg-doped InN films with different background carrier densities under the pump
fluence of 350 pJ/cm?.

Interestingly, the intensity of terahertz radiation from the InN:Mg films in Fig. 6(b) shows the similar carrier density
dependence to that of decay time. With ultrafast photoexcitation, the spatial redistribution of electrons and holes can
occur either by the diffusion field due to the difference in diffusion coefficients for electrons and holes or by the surface
accumulation field attributed to the downward band bending by the Fermi level-pinning, whose relations are given by’

OAn 0 OAn | 0O
—ocG+—| D— | —| 4 En|+ EAn|, 1
ot 82[ 62} PRl [ O
where n (An) and 4, (u,, ) correspond to the carrier density and mobility for background (photoexcited) carriers,

respectively, D denotes the diffusion coefficient, and G is the photoexcitation rate. Equation (1) shows that terahertz
radiation due to the spatial redistribution of photocarriers are influenced by both background and photoexcited carriers.
For highly photoexcited undoped InN grown along the c-plane, terahertz emission is dominated by carrier diffusion (the
photo-Dember effect). But the strong Coulomb screening due to its exceptionally high background carrier density makes
the terahertz emission from undoped InN small compared to that of other semiconductors, such as InAs. Reduction of the
screening of the diffusion field can be achieve by doping InN with Mg and Fig. 6(b) shows a dramatic enhancement of
terahertz emission (at least 500 times higher than that of undoped InN) for InN:Mg with 7 ~ n..>
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Fig. 6. Carrier density dependence of carrier lifetimes and terahertz radiation intensity of the InN:Mg film. Red circles
correspond to those of the reference undoped InN film.
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For InN:Mg with a lower carrier density (n < n.), terahertz emission is dominated by drift current which is formed in a
region of the near-surface charge depletion layer and flows opposite to the diffusion current. Less intensity of terahertz
radiation from InN:Mg with the carrier density < s, corresponds to less surface band bending within shorter charge
depletion layer.”

The ultrafast plasma oscillation under diffusion and drift fields gives rise to terahertz waves, which is heavily
damped within 1 ps. In such case, intense terahertz radiation can be correlated with fast and large spatial separation of
charged carriers. For largely separated electrons and holes, it may take much longer time to recombine to equilibrium
after terahertz emission. Therefore, the measured recombination time constant reflects the spatial separation of charged
carriers which is determined by the magnitude of terahertz field. And it explains the similar carrier density dependence
of the decay time constant and the intensity of terahertz radiation shown in Fig. 6(a) and (b). Finally, we assume the
longest decay time constant of 10 ps for InN:Mg to be the time for electrons to diffuse through the penetration depth
(d~133 nm) under the screening-free diffusion field. The estimated longitudinal diffusion coefficient (D~d’/t) is 18
cm®/s, which is much larger than in-plane diffusion coefficient of ~2 cm?/s on the surface measured by time-resolved
transient grating spectroscopy.*

4. SUMMARY

In summary, time-resolved reflectivity measurements have been used to determine the carrier dynamics of Mg-doped
InN films. For both undoped and Mg-doped InN films, the initial time dependent behavior of reflectivity is dominated by
the interplay between the effects of bandgap renormalization and band filling depending on the density of photocarriers.
The slow carrier decay time constant, however, is found to be independent on the pump fluence, in other words, the
photocarrier density, but is closely dependent on the background carrier density. In particular, the carrier decay time
becomes longest when the background carrier density of InN:Mg is close to the critical density and at the same carrier
density, the terahertz radiation from InN:Mg dramatically is enhanced. It indicates that large spatial separation of
electrons and holes induces intense terahertz radiation, but it takes much longer time to decay to the equilibrium through
the recombination dynamics.
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