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ABSTRACT

Femtosecond nonlinear optical techniques have been employed in the study of carrier dynamics and transport in ultraviolet
detector materials. Visible femtosecond pulses derived from the signal beam of a 250 kHz regenerative amplifier-pumped
optical parametric amplifier were frequency doubled to obtain pulses tunable from 250 nm to 375 nm. Time-resolved
reflectivity experiments indicate that the room-temperature carrier lifetime in GaN grown by double lateral epitaxial
overgrowth (330 ps) is about 3 times longer than that of GaN grown on sapphire without benefit of this technique (130 ps).
The electron velocity-field characteristic and saturation velocity in GaN have been obtained from time-resolved studies of
electroabsorption in a GaN p-i-n diode. The peak steady-state velocity of 1.9x10” cm/s in this device occurs at 225 kV/cm.
Time-resolved transmission measurements have been used to monitor ultrafast carrier relaxation phenomena in a thin AlGaN
layer with bandgap in the solar blind region of the spectrum. Excitation intensity and wavelength dependent studies of the
photoinduced bleaching decays suggest that they are primarily governed by trapping in a high density of sub-bandgap defect
levels.

Keywords: femtosecond, time-resolved, reflectivity, transmission, electroabsorption, GaN, AlGaN, lifetime, dynamics,
electron velocity :

1. INTRODUCTION

Ultraviolet (UV) photodetectors may become important elements in threat warning systems such as visible-blind and
solar blind detectors for many military platforms. IlI-nitride semiconductors have emerged as the materials of choice for
these UV applications because of their wide bandgap, high breakdown voltage, large electron saturation velocity, and
potential for operation in harsh, high temperature environments. While it is possible to tune the bandgap of Al,Ga,,N from
365 nm to 200 nm by varying the aluminum content, there is no laser source that is continuously tunable throughout this
wavelength range. Moreover, improvement of photodetectors based on GaN and AlGaN will require an understanding of the
fundamental scattering, recombination, and transport processes occurring in these devices. These two issues are addressed
using femtosecond (fs) nonlinear optical techniques.

The experiments were performed using visible ultrashort pulses derived from the signal beam of a 250 kHz regenerative
amplifier-pumped optical parametric amplifier. These pulses were compressed to less than 60 fs and frequency doubled in B-
barium borate (BBO) to obtain a source of continuously tunable ultraviolet pulses for pump-probe measurements. Pulses with
center wavelengths varying from 250 nm to 375 nm can be readily obtained through angle tuning of the BBO crystal. Figure
1 illustrates the basic concept of the experimental technique. The ultraviolet pulses are split in two. One pulse, the pump
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pulse, is used to create excitations (excitons,
electron-hole pairs) in the sample. These excitations
change the dielectric function of this material. The
intensity of the other pulse, the probe pulse, is weak
Polariztion Chopper enough that it does not perturb the optical
Rotator properties. What one detects, therefore, is the
change in the probe-monitored optical properties of

\_‘ detection the sample associated with the pump-induced
pap sanple perturbation of the dielectric function. Since the

1
! /!

} \ polarizer D relative change in the probe intensity is quite small,

the pump intensity is modulated with an optical

- chopper, and the resultant modulation of the probe

l is detected at the chopping frequency using lock-in
probe —-1- techniques. The pump and probe are cross linear
polarized to enhance the rejection of scattered pump
light.  Performing this detection procedure as a
\J » [ function of a precisely controlled mechanical time

v

delay enables one to study the dynamics of the

. pump-induced excitations with femtosecond

variable resolution. Such resolution cannot be attained using

I ddayhm conventional electronic techniques, which are
limited to the picosecond (ps) regime.

Figure 1 Schematic of a pump-probe experiment. In this paper we shall demonstrate the use of

three embodiments of the pump-probe technique in
the study of carrier dynamics in wide bandgap semiconductors relevant to the improvement of visible-blind and solar-blind
detectors. Time-resolved reflectivity techniques have been used to compare carrier recombination dynamics in GaN grown by
double lateral epitaxial overgrowth (DLEO) and GaN grown on sapphire without benefit of this technique. The electron
velocity-field characteristic and saturation velocity in GaN have been obtained from time-resolved studies of
electroabsorption in GaN p-i-n diodes. Time-resolved transmission measurements have been used to monitor ultrafast carrier
relaxation phenomena in a thin AlGaN layer with bandgap in the solar blind region of the spectrum.

2. TIME-RESOLVED REFLECTIVITY STUDIES OF DOUBLE LEO AND NON-LEO GAN

It has been demonstrated that growth of GaN on sapphire by lateral epitaxial overgrowth'® greatly reduces the threading
dislocation density in this material. A device lifetime of more than 10000 h at room temperature has been reported for cw
operation of InGaN multiple quantum well laser diodes employing LEO GaN grown by metalorganic chemical vapor
deposition (MOCVD)', and a significant decrease of p-n junction reverse leakage current in LEO materials has also been
observed®. These results suggest that growth of IlI-nitride ultraviolet detectors on LEO GaN/sapphire substrates may be an
important step in the development of high quality devices. Nevertheless, little is known about the relationship between
threading dislocation density and the room temperature carrier lifetime of resonantly created excitations with low excess
energy crucial to an understanding of device performance.

We have addressed this problem by performing a comparison study of the carrier lifetimes in non-LEO and DLEO GaN
grown on (0001) sapphire. The samples for this study were grown at the Center for Quantum Devices at Northwestern
University. The non-LEO sample was a 2 um film expected to have a large threading dislocation density. The structure of the
DLEO sample is shown in figure 2. A 2 pm GaN template was grown on the sapphire substrate. The dielectric pattern
deposited on this template consisted of 7.5um-wide SiO, stripes separated by 4 pm openings. The GaN grows from the
openings on either side of the stripes laterally over these stripes until coalescence occurs, as seen from the cross-sectional
scanning electron microscope (SEM) image. The thickness of this first LEO layer is 2.2 um. While the threading dislocation
density is greatly reduced in the LEO material atop the stripes, dislocations still propagate vertically from the window
regions. Therefore a second dielectric pattern is deposited in which the stripes are positioned above the openings in the first
one, such that these stripes prevent the dislocations from continuing into the next LEO layer. This second layer is 3.2 pm
thick and the SEM image indicates that it is also coalesced. The use of this DLEO structure ensures that the double coalesced
material is nearly dislocation free over large areas, an important consideration for our measurements, for which the laser spot
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Figure 2 Schematic (left) and cross-sectional SEM image (right) of the double coalesced LEO grown-GaN on sapphire used in the
time-resolved reflectivity experiment.

size is ~ 100 um in diameter (i.e., much larger than the width of the stripes in the dielectric pattern). However, since the
thickness of the samples is much greater than the 1000 A absorption length for near bandgap photons, it is necessary to
perform time-resolved reflectivity measurements.

For excitation of free carriers using photon energies near the bandgap of GaN, the change in the probe reflectivity AR is
essentially proportional to the change in the real part of the dielectric function Ag;, which may be obtained from the spectral
dependence of the change in the imaginary part of the dielectric function Ag, by means of the Kramers-Kronig relation

o IA Id 1
ARocAg]((,))=_2_ E"‘:;L)zw
T o' -w
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0
where

A&y (@) ~ =&, (@) [ (Ey (@) + [ (E (@)} V)
is a measure of the photoinduced bleaching associated with the absorption saturation of band-to-band transitions, and f.(E.)

and f,(E,) are the electron and hole distribution functions at electron and hole excess energies E. and Ej, respectively7. If the
excess energies of the carriers is small, the parabolic band approximation may be invoked, and

Ee,h -

" (ho - Eg), 3)

m,

where m,, is the electron (hole) effectlve mass, hco is the photon energy, E, is the bandgap energy, and m, is the reduced
effective mass, defined by the relation m,'=m,'+m,". For GaN the electron effectlve mass (0.2m,) is much less than the hole
effective mass (~2m,)?. Since equation 3 indicates that the ratio of the electron and hole excess energies is inversely
proportional to the ratio of their effective masses, it follows that the electrons receive almost all of the excess energy from the
excitation pulse. Moreover, in the parabolic band approximation the density of states is proportional to m*?, implying that the
density of states near k=0 in the conduction band is much smaller than that in the valence band. Therefore, for a given density
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of electron-hole pairs, the contribution of the
electron distribution to the photoinduced
bleaching is much larger than that of the hole

0.006 distribution, in accordance with equation 2.
These observations suggest that our time-
0.005 resolved photo-induced reflectivity
measurements primarily probe the electron
0.004 | dynamics.
0.003 Figure 3 shows the relative change in probe
& oomt reflectivity -AR/R as a function of time delay
2 between the pump and probe pulses for the non-
< 0.001 L LEO and DLEO samples. The photon energy of
| the frequency degenerate pump and probe
i pulses was centered at ~ 3.4 eV, thus ensuring
0.000 - &% the creation of carriers with very little excess
0001} energy. At negative time delays, for which the
i probe precedes the pump, no signal is observed.
ool When the pump and probe pulses are temporally
0 200 400 600 800 1000 overlapped at t=0", a sharp, pulse width-limited
Time Delay (ps) negative AR occurs. For the non-LEO sample,
this quantity decays much more rapidly than it
Figure 3 Comparison of time-resolved reflectivity data for non-LEO- does for the DLEO material, reaching a positive
and double LEO-grown GaN. The fits to the data are described in the text. value not observed for its DLEO counterpart.

While the data in figure 3 was obtained for a
carrier density of ~2x10'® cm?, the shapes of the decay curves were not significantly affected by changes in the pump
intensity.

For excitation and probing at a photon energy corresponding to the bandgap, equation 1 suggests that Ag; should possess
the same sign as Ag,. The creation of carriers at the band edge by the pump causes a bleaching of the probe absorption and
therefore a negative Ag,, as seen from equation 2, and a negative Ag; (AR) at t=0". In this case the AR decays represent the
removal of electron-hole pairs from the bottom of the bands by either band-to-band recombination or trapping at deep levels
and subsequent recombination. The positive AR observed at later times in the non-LEO data implies that Ag, also becomes
positive, perhaps signifying an increase in absorption at photon energies higher than that of the probe due to bandgap
shrinkage associated with the heating of the sample. This behavior suggests that the dominant AR decay mechanism in the
non-LEO sample is ultrafast nonradiative recombination and heat generation, with the positive component’s subsequent
return to equilibrium on a nanosecond time scale representative of heat diffusion out of the optically probed region. A single
exponential fit that incorporates this heating yields a decay time of 130 ps, in excellent agreement with the data. The fact that
there is no positive component to the AR decay in the DLEO sample implies that ultrafast nonradiative recombination is
greatly reduced and that the carriers are removed from the bands primarily by band-to-band radiative recombination. A single
exponential decay with a time constant of 330 ps provides an excellent fit to the data.

While these results support observations that a stronger photoluminescence (PL) signal occurs in LEO materials than in
non-LEO samples, they also indicate that the reduction in threading dislocations achieved through LEO growth leads to an
increase in the carrier lifetime due to suppression of ultrafast nonradiative recombination mechanisms associated with the
highly dislocated non-LEO material. Time-resolved photoluminescence (TRPL) measurements capable of discriminating
between the window and high quality materials in an LEO sample’ yielded a dominant decay time of 130 ps for both cases
when excitation pulses of 4.64 eV photon energy were employed. The fact that the PL from the LEO material was more
intense than that from the window material in conjunction with the TRPL result was interpreted to mean that under these
excitation conditions the threading dislocations simply reduce the net volume of light-emitting area without affecting the
luminescence lifetime. Experiments performed using near bandgap resonant excitation'®!! yield carrier lifetimes more
consistent with our data. Low temperature AR studies of resonantly excited exciton dynamics in LEO metalorganic vapor
phase epitaxy (MOVPE) material'® and TRPL studies of thick (63 um) hydride vapor phase epitaxy (HVPE) material'' yield
free exciton lifetimes of 375 ps at 60 K and 295 ps at 4 K, respectively. These results are in good agreement with theoretical
predictions of the radiative lifetime'®. At room temperature the lifetime is expected to be longer due to a thermally induced
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increase in the center of mass Kinetic energy of the excitons'!. The fact that this phenomenon does not occur in our DLEO
sample is attributed to the diffusion of Si impurities from the dielectric stripes into the DLEO material during the high
temperature growth process. It is therefore expected that the room temperature lifetime will increase for thicker DLEO layers,
in whicl}zthe diffusion of silicon should not be as important. This behavior has been observed for thicker (~5 pm) LEO
material ™.

3. TIME-RESOLVED ELECTROABSORPTION STUDIES OF ELECTRON TRANSPORT IN GAN

Theoretical calculations™'® of the electron velocity-field characteristic in GaN predict a peak steady-state velocity of 2-
3x107 cm/sec, implying that this material may be an important candidate for high frequency devices. Although ultrawide-
bandwidth AlGaN/GaN heterostructure field effect transistors'”*° and very high-speed”!, transit-time-limited GaN metal-
semiconductor-metal (MSM)**** and p-i-n** ultraviolet photodetectors have been demonstrated, no direct measurements of
carrier velocities in III-N materials have been reported. Such studies will help to determine the ultimate speed of electronic
devices and provide reliable high field transport data for the design of solar blind detectors based on avalanche photodiodes.
In this paper we present the first measurement of the electron velocity at high electric fields in GaN. An optically-detected
time-of-flight technique®>® with femtosecond resolution that monitors the change in the electroabsorption due to charge
transport in a GaN p-i-n diode has been used to determine the electron velocity-field characteristic at room temperature.

The sample used in this study was fabricated and electrically characterized at the University of Texas at Austin and the
U.S. Military Academy at West Point. The nominal thicknesses of the p-layer, intrinsic (v-type) region, and n-layer are 0.2
um, 0.5 pm, and 3.4 um, respectively. The doping levels of the #-GaN and v-GaN are ~ 5x10"™ cm™ and ~2x10'® cm™,
respectively, as confirmed by Hall effect measurements on test samples, and capacitance-voltage (CV) measurements
performed on the fabricated diodes. The p-type doping level was estimated from Hall measurements of single epitaxial layers
to be ~1-2 x10"7 cm?. The diameter of the fabricated mesa isolated diode is 250 pm. A ring top contact is used to allow for
penetration of the incident light pulses.

The pump and probe pulses were incident
on the p-layer of the sample. The spectrum of the
pump pulse was centered at 3.41 eV, a photon
energy corresponding to the peak photocurrent of

T T T T T T 1 the device. This choice of photon energy, at which
SN the absorption length is only ~0.1pm, ensured that
245 kViem almost all of the photogenerated carriers
contributing to the photocurrent were generated
near the interface of the p-type layer and the i-
120 kViem region”’. The diode was biased using 200 ns voltage
pulses synchronized with the optical pulses. The
change in transmission AT of the probe was
monitored at a sub-bandgap photon energy chosen
to maximize the sensitivity of this quantity to a
Iy change in the broadening of the absorption edge
s 40kviem under applied electric field (Franz-Keldysh effect).
05k A/\ /‘/W Pump-generated electrons and holes moving under
’ o the applied plus built-in electric field £ are swept
m/\[ ' toward the »n- and p-layers, respectively. As the
00F W carriers drift apart, a space-charge field of opposite
) ' . . ) . ) . ) | sign creates a potential difference that grows in time
5 0 5 10 15 20 until transport is completed. The pump-induced
charge density is kept low enough that this
Time Delay (ps) screening field AE is much smaller than E. The
space-charge field causes a reduction in the
broadening of the absorption edge and concomitant
induced bleaching of the relative grobe transmission
given in the thick sample limit by*®

20

15
70 kViem

10

AT(t)/AT () (arb. units)

Figure 4 Normalized photoinduced bleaching of the p-i-n diode
electroabsorption as a function of time delay for four electric fields. The
method of obtaining the transit time from the initial slope and the plateau of
the transient is illustrated for the 245 kV/cm curve.
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AT () _

dapdAE a da,, ) @
-—£ Ndx =—2L 8V (1),
T dE J (v dv=—p

where a, is the probe absorption coefficient, d is the length of the region over which the field is applied (i.e., the depletion
width obtained from CV measurements), 5V(?) is the change in voltage across the sample due to photocarrier transport, and
reflectivity corrections have been neglected. The change in voltage occurs because the response time of the external bias
circuit is too slow to maintain a constant potential difference during the transit time of the carriers. This situation is in direct
contrast to photocurrent detection experiments, in which the voltage must recover during the transit time such that the
photocurrents flowing in the external bias circuit transfer a photocharge (%) to the electrodes that exactly cancels 5V(1).

Figure 4 shows the normalized bleaching AT(2)/AT(x) as a function of time delay for four electric fields. The
normalization factor AT() refers to the change in transmission after all the carriers have traversed the sample. All of these
curves are characterized by a quasi-linear increase in this quantity that begins at /=0 and eventually reaches a plateau at
AT(1)/AT(20) =1. The fact that the sharp rise in transmission normally observed at =0 in pump-probe experiments is not
present in this case indicates that the pump-generated carrier density is small enough to avoid the creation of any change in
the probe transmission in the absence of field-induced transport. As the electrons and holes drift apart in the electric field, the
normalized bleaching rises in accordance with equation 4, with the plateau occurring when the carriers cease to move apart.
In analogy to the treatment in reference 25, the normalized change in transmission can be expressed as

AT(2) j v,dt - j v, dt exp(—ad) + a Y1 - exp(-a v,,dt) + exp(—ad)[1 - exp(a |v.dt)]}
AT () B d[1 - exp(-ad)]

, 6)

where o is the pump absorption coefficient, v, and v, are the electron and hole velocities, respectively, ¢ is the time delay
between the pump and probe pulses, and diffusion has been neglected. The slope of this function near /=0 is given by

8 AT(@) _1
_T

at AT ()

Vv, +vy

6
I (6

n

where v, and v, are assumed to be constant and 7 is
defined as the transit time across the sample, as
depicted in figure 4. Since the carriers are generated
at the interface of the p- and i-layers, the electrons
00000, drift much further than the holes, and the majority of
0 the signal is due to electron transport. It is therefore a
20k . reasonable approximation to take 1 as the electron
s atm ", transit time. The fact that the slope of the normalized
., bleaching curves increases with increasing field
15+ o . indicates that the electron transit time decreases and
velocity increases, as expected. One may also notice,
however, that the slope changes more with increasing
10F . " expt electric field at low fields than it does at high fields.
° . O theay This phenomenon implies that the electron transit
05k time and velocity become ‘saturated’ — i.e., relatively
independent of electric field — at high fields.
The experimentally determined electron velocity
- IR T S, —— shown in figure 5 was obtained using equation 6.
0 S0 100 150 200 250 300 350 Although theoretical calculations of the hole
Electric Field (kV/cm) velocity®® suggest that v, is less than 0.15v, over the
entire range of electric fields employed in our
Figure 5 Steady-state electron velocity as a function of electric field. experiments, the calculated v, was included in

Squares: experiment; Circles: theoretical calculation using a full zone equation 6 to af:hieve a more accurate estimate of 'fhe
band structure (from ref. 13). electron velocity. At the lowest fields for which

Electron Velocity (10’cm/sec)

0.0
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measurements were performed, v, possesses a weak, quasi-linear dependence on E. Extrapolation of the results to zero field
does not provide a realistic estimate of the low-field mobility, however, as ensemble Monte Carlo (EMC) calculations
employing multi-valley analytic band structures'*'® predict a steeper linear rise in the velocity-field characteristic only at
fields (0-20kV) much less than the smallest field used in our experiments. In the intermediate field regime (50-100kV)
corresponding to our low field measurements, electrons attain enough excess energy to emit polar optical phonons, causing
the theoretical velocity-field characteristic to transition to a low slope region'* more representative of our data.

In the high field regime the electron velocity gradually becomes independent of electric field, reaching a peak of 1.9
x107 cm/sec at ~ 225 kV/cm corresponding to a transit time of ~2.5 ps. At fields greater than 250 kV/cm, the apparent slight
decline in the electron velocity obtained from equation (6) for saturated transit time is indicative of a monotonically
increasing hole velocity®® in this electric field range. The steady-state velocity-field characteristic derived from an EMC
calculation including a full Brillouin zone band structure® is shown in figure 5 for comparison with the measurements. The
theoretical results are in qualitative agreement with the data. The fact that the peak velocity obtained from experiment is
lower and shifted to higher field than its theoretical counterpart suggests that the high defect density of the device, not
accounted for by theory, may play an important role in determining the velocity-field characteristic. It has also been shown'
that decreasing the separation of the two lowest conduction bands at the I point from ~2 eV to the 0.34 eV value obtained
from ballistic electron emission microscopy” results in a reduction in peak velocity and a velocity-field characteristic in
closer agreement with our data.

As a further check on the validity of the experimental results, equation 5 was used to fit the A7(?)/AT(e0) curves for the
electric fields corresponding to each of the data points in figure 5. The electron velocity-field characteristic obtained from
these fits falls directly on top of the data shown in this figure. The fact that a single steady-state electron velocity
approximation could be used to fit the temporal evolution of each normalized bleaching curve justifies the assumption that
for our experimental conditions the majority of the transport across the 0.5 um i-region is not strongly influenced by velocity
overshoot effects. This result is supported by theoretical calculations'® that predict that the velocity overshoot is completed
within ~ 200 fs, during which time the electrons may still be moving in the nonuniform field near the interface of the p- and i-
layers.

4. TIME-RESOLVED TRANSMISSION STUDIES OF SOLAR BLIND ALGAN

The solar blind region of the spectrum (< 280 nm) is attractive for ultraviolet detector applications because it offers the
possibility of nearly background-free, uncooled detection. While prototype photoconductive®®** and photovoltaic®**
detectors have been fabricated, little is known about the carrier dynamics in the solar blind materials comprising these
devices. We have performed time-resolved transmission measurements on solar blind AlGaN provided by the Center for
Quantum Devices at Northwestern University. The sample used in this study is a 190 nm Al,Ga; N layer with x=38.6%, as
determined by X-ray diffraction, grown on an AIN buffer layer deposited on (0001) sapphire. In these experiments the

change in transmission AT of the probe pulse due to
electron-hole pairs excited by the pump is monitored as a

2 T T ' - function of time delay between the pump and probe. Since
3 ! the AlGaN layer is about two absorption lengths thick, it is
---278.20m H . . -
——273.20m i reasonable to assume that AT is approximately proportional
—--ggg.;nm to Ag,, where Ag, is given by equation 2 for pump-induced
_— .Jnm

/ bleaching of band-to-band transitions. Momentum (k)
=il conservation in this case dictates that for the frequency
degenerate pulses employed in the experiments the probe
monitors the same states optically coupled by the pump.
Therefore the AT decay provides information primarily
about the rate at which electrons (per our discussion in
section 2) are removed from their initial states by scattering,
trapping, or recombination. Moreover, by performing these
5 measurements as a function of photon energy and pump
intensity, information about the various relaxation
mechanisms can be obtained.

‘ /

o (x105 cm™)

0 A v J \ L
4 42 44 4.6 48
Photon Energy (V)

K.

Figure 6 Absorption spectrum of a 190 nm AlGa, N layer

with x=38.6%. Superimposed are the laser pulse spectra
corresponding to the four center wavelengths at which time-
resolved transmission measurements were performed.
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Figure 6 shows the absorption coefficient o of the
AlGaN layer estimated from transmission measurements. A
standard linear fit of o’ versus (ho-Ey) yields E;= 4.47 eV.
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Figure 7 Normalized change in probe transmission as a
function of time delay for center wavelength of (a) 278.2 nm;
(b) 273.2 nm; (c) 268.1 nm; (d) 263.9 nm.

The rise in the fundamental absorption possesses a width of
~100 meV. Superimposed on the absorption spectrum in figure 6
are the laser pulse spectra corresponding to four center
wavelengths at which time-resolved transmission measurements
representative of the carrier dynamics in this material were
performed.

Figure 7 shows the results of these experiments. In all cases
the higher intensity excitation data exhibits a pulse-width-limited
rise in AT at t=0" due to the pump-induced bleaching described
above, followed by an ultrafast decay. We shall define the decay
time 1 as the time at which AT decays to half its maximum
value. For the 278.2 nm experiment (fig. 7a) the photon energy
(4.457 eV) is less than the bandgap, and the presence of a
significant bleaching signal implies that shallow traps exist
below the band edge(s). The observation that the decay time
decreases from 1.1 ps to 0.8 ps when the excitation density is
reduced by a factor of 8 suggests that the bleaching decays by
trapping to deeper levels, and that the partial saturation of these
deep traps causes T to increase with increasing intensity. Similar
behavior is found in the 273.2 nm excitation data (fig. 7b), for
which 1 decreases from 2 ps to 1.3 ps when the carrier density is
lowered by a factor of 8, but remains the same as the pump
intensity is lowered by another order of magnitude. The photon
energy (4.539 eV) in this case is sufficient to create cold
electron-hole pairs in the conduction and valence bands, and the
stronger bleaching observed is indicative of both the larger
carrier density and the rise in €,, which at this wavelength is
approximately proportional to o in fig. 6. Since much longer
carrier relaxation times are found for excitation of cold electron-
hole pairs in high quality GaN'?, the decays in fig. 7b are
attributed to electron relaxation from extended states into
shallow traps. Comparison of the data in figs. 7a and 7b
indicates that this process appears to take longer than trapping
from shallow to deep levels. The saturation behavior of the
bleaching decays in these two figures suggests that the densities
of shallow and deep traps are in the mid- to upper 10'7cm™
range.

For shorter wavelength excitation (figs. 7c and 7d), hot
electrons with excess energy much larger than the bandwidth of
states optically coupled by the probe are created. In these cases
the bleaching decays provide information about scattering from
the optically coupled states. For 268.1 nm excitation (fig. 7c) the
peak normalized bleaching signal drops by a factor of 10 and t©
decreases from 1.2 ps to 0.9 ps when the carrier density is
lowered from 6 to 1x10'®cm™. This behavior suggests that a very
fast scattering process is screened at the higher density. In polar
semiconductors like the Ill-nitrides, the dominant electron
energy loss mechanism for low excitation densities is electron-
longitudinal optical (LO) phonon scattering, which is expected
to occur on a time scale less than the ~200 fs temporal resolution
of our experiment’’. At intermediate excitation densities the
electron-LO phonon interaction is partially screened, and
electron-transverse optical (TO) phonon scattering and electron-
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hole scattering, through which the hot electrons lose energy to the much colder holes, also become important. Since the decay
time ascribed to this process in high quality LEO GaN is ~35 ps under similar excitation conditions'?, the 1.2 ps time constant
in our AlGaN sample suggests that trapping still plays a role. Moreover, the fact that T does not become much smaller as the
carrier density is lowered implies that only part of the electron distribution has sufficient energy to emit LO phonons. At the
photon energy employed in this experiment (4.625 eV) the electrons and holes share 155 meV of excess energy. While this
excess energy level would lead to electron energy loss by LO phonon emission at low excitation density in GaN, it may not
do so in our AlGaN sample. Due to the wider bandgap of AlGaN, the ratio m¢/my, is expected to be larger than that observed
in GaN, in which case the holes would receive a greater proportion of the excess energy. In addition, the LO phonon energy
for AlGaN with 40% Al content is ~102 meV>%*", higher than the 92 meV found in GaN. These two factors may combine to
create the experimental situation in AlGaN at low excitation density proposed above.

This concept is supported by the 263.9 nm (4.7 eV) data in fig. 7d. In this case the peak normalized bleaching under
intermediate excitation conditions is much weaker than in the previous data, and the 180 fs decay time is indicative of the
temporal resolution of the experiment. The bleaching rapidly evolves into induced absorption, which decays on a longer (~10
ps) time scale. When the carrier density is reduced by a factor of 3, the bleaching component of AT disappears entirely, and
the induced absorption reaches a peak at 0.4 ps that decays with a 4 ps time constant. The rapid decay of the weak bleaching
into induced absorption for the higher carrier density data implies that most of the electrons have sufficient energy to relax
via both the partially screened electron-LO phonon interaction and the other scattering mechanisms described above, and are
trapped quickly into deep levels. While nonradiative recombination and concomitant ultrafast heat production would also
lead to induced absorption (section 2), the decay of the -AT component of the signal is much faster than expected for heat
diffusion out of the optical spot size. The induced absorption is therefore attributed to the re-excitation of electrons from the
deep levels into the conduction band, in analogy to results obtained from similar measurements on low-temperature-grown
(LT) GaAs®. Viewed in this way, the lack of a bleaching signal for the lower intensity data suggests that at a carrier density
of 2x10'®cm™ the screening of the electron-LO phonon interaction is reduced enough that the relaxation time is beyond our
temporal resolution, a phenomenon previously observed in GaN at about the same carrier density'?. Moreover, the rise in the
induced absorption may be interpreted as the deep level trapping time, and its decay as the emptying of the traps by
recombination. It appears that this trapping time becomes faster when the electrons possess larger excess energy, a behavior
also found in LT-GaAs.

The parallels between our AlGaN and LT-GaAs may be partially explained by the fact that our AlIGaN was grown on an
AIN buffer layer. Because the melting point of the AIN is extremely high, the deposition of the AIN on sapphire behaves like
a low temperature growth, and the AIN possesses significant surface roughness. Subsequent growth of a thin AlGaN layer on
top of the AIN therefore produces the high defect density material characterized in this paper. This interpretation is consistent
with the observations of other researchers that at high Al content the buffer layer defects are replicated into an AlGaN layer®,
and that the PL spectrum excited from an AlGaN/sapphire interface shows an additional narrow peak below the band edge
attributed to interfacial defects*®. Thus, time-resolved transmission measurements can be used to evaluate the quality of both
thin AlGaN films and their AIN buffer layers.

S. CONCLUSION

In this paper we have demonstrated that femtosecond nonlinear optical techniques can be employed both in the creation
of a continuously tunable source of ultraviolet pulses and in the study of carrier dynamics and transport in ultraviolet detector
materials using this source. Visible femtosecond pulses derived from the signal beam of a 250 kHz regenerative amplifier-
pumped optical parametric amplifier were frequency doubled to obtain pulses tunable from 250 nm to 375 nm. Time-resolved
reflectivity experiments indicate that the room-temperature carrier lifetime in GaN grown by double lateral epitaxial
overgrowth (330 ps) is about 3 times longer than that of GaN grown on sapphire without benefit of this technique (130 ps).
The electron velocity-field characteristic and saturation velocity in GaN have been obtained from time-resolved studies of
electroabsorption in a GaN p-i-n diode. The peak steady-state velocity of 1.9x10” cm/s in this device occurs at 225 kV/cm.
Time-resolved transmission measurements have been used to monitor ultrafast carrier relaxation phenomena in a thin AIGaN
layer with bandgap in the solar blind region of the spectrum. Excitation intensity and wavelength dependent studies of the
photoinduced bleaching decays suggest that they are primarily governed by trapping in a high density of sub-bandgap defect
levels.
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