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Subpicosecond Observation of Photoexcited Carrier
Thermalization and Relaxation in InP-Based Films!

J. Michael Klopf> and Pamela M. Norris>*

Advancements in microfabrication techniques and thin film growth have led
to complex integrated photonic devices. The performance of these devices
relies upon precise control of the band gap and absorption mechanisms
in the thin film structures, as well as a fundamental understanding of the
photoexcited carrier thermalization and relaxation processes. Using a pump-
probe technique, it is possible to monitor the transient thermalization and
relaxation of hot electrons and holes on a sub-picosecond time scale. This
method relies upon the generation of hot carriers by the absorption of an
intense ultrashort laser pulse (~135fs). Transient changes in reflectance due
to the pump pulse excitation are monitored using a weaker probe pulse. Con-
trol of the relative time delay between the pump and probe pulses allows
for temporal measurements with resolution limited only by the pulse width.
The transient change in reflectance is the result of the transient change in
the electron and hole distributions. Observation of the reflectance response
of InP films on a subpicosecond timescale allows for detailed examination of
thermalization and relaxation processes of the excited carriers. Longer time-
scales (>100ps) are useful for correlating the transient reflectance response to
slower processes such as thermal conduction and recombination. A descrip-
tion of this technique and results for several InP-based films are presented.
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1. INTRODUCTION

The continuing development of solid-state photonic devices based upon
various III-V semiconductors has created numerous advances in the tech-
nologies associated with communications, data storage, laser machining
and cutting, and biomedical applications, as well as in many fields of basic
science research. These small devices have very low power requirements,
and can be integrated directly with power and control electronics, resulting
in optoelectronics that are more efficient than multicomponent systems.
The production of passive elements such as waveguides or active elements,
such as amplifiers and switches, combine to expand the capabilities greatly.
These devices rely upon layers of band-gap engineered materials with crit-
ical dimensions on the order of nanometers [1]. The resulting interfaces
create localized changes in the band structure which can affect absorption
and recombination processes [2,3]. Continued developments require ongo-
ing research into the carrier dynamics in bulk materials as well as nano-
structures.

Photonic semiconductor materials generally exhibit a direct band-
gap electronic structure. The direct alignment of the conduction band
minimum and valence band maximum makes radiative recombination of
electrons and holes very likely, giving rise to many of the photonic prop-
erties of interest. The generation of excess conduction electrons is possible
through the absorption of photons with energy, E,, greater than the band
gap, Eg. Since recombination of these electrons occurs primarily near the
conduction band minimum, an energy in excess of the band gap, Ea =
E, — Eg, must be transferred to the crystal through relaxation processes
[4]. The absorption characteristics of the film are affected by both the
number of photoexcited carriers, as well as the location of the occupied
states in the conduction band. Similarly, the number and occupation of
hole states generated by photon absorption will have an impact on the
absorption of the film. Conduction electrons with Ea >0 (hot electrons),
lose energy primarily through electron—phonon (e—p) collisions. The ini-
tial excitation and subsequent relaxation of the electron and hole distribu-
tions induce changes in the absorption spectrum [4]. Measurement of the
changes in absorption during hot electron relaxation is an important goal
of this study and should prove beneficial in the continuing development of
photonic devices.

2. CARRIER THERMALIZATION AND RELAXATION PROCESSES

In direct band-gap semiconductors, photon absorption above the fun-
damental absorption edge occurs primarily through interband transitions,
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resulting in electron-hole pair generation. Following this, the electron sys-
tem is left in an excited state and will return to a lower energy state
through various relaxation processes. The hole system follows a similar
process, but the discussion here will be limited to the electron system. In
this discussion it will also be necessary to consider absorption occurring
on extremely short time scales. The experiments presented here use laser
pulses ~135fs in duration, but even shorter pulses are possible. Absorp-
tion on this time scale produces a coherent redistribution of the electron
system representative of the participating transitions. In the case of exci-
tation by monochromatic light, initially the hot electron distribution will
be sharply peaked in the region of the direct transition for that energy.
Through thermalization and relaxation processes, the hot electrons will
scatter away from the initial excited distribution to the bottom of the con-
duction band before recombining [5].

These processes occur on time scales ranging from < 200fs to greater
than 100ps; thus, it is useful to consider several regimes of interest.
Table I lists these and the respective relaxation and scattering processes
occurring in each [4]. These regimes are useful for characterizing the hot
carrier distribution. Initially in the coherent regime, it is possible to have
a discontinuous hot carrier distribution. Thermalization of the hot carriers
will occur during this period through scattering processes in order to reach

Table I. Transient Thermalization and Relaxation Regimes [4]

TIME SCALES FOR THERMALIZATION AND
RELAXATION OF HOT CARRIERS
Coherent Regime (<200 fs)

e momentum scattering

e carrier-carrier scattering

e hole-optical phonon scattering
Nonthermal Regime (<2 ps)

e clectron-hole scattering

e clectron-optical phonon scattering
Hot Excitation Regime (~1~ 100 ps)

e carrier-acoustic phonon scattering

e decay of optical phonons
Isothermal Regime (=100 ps)

e carrier recombination

~

Time
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a continuous, yet nonthermal distribution. In the following nonthermal
regime, relaxation occurs as hot carriers drop towards the conduction
band minimum, releasing energy through collisions primarily with optical
phonons. Further relaxation occurs in the hot excitation regime through
additional collisions with acoustic phonons. These leave the electrons near
the conduction band minimum in the isothermal regime when recombina-
tion occurs.

The scattering rates of these processes vary depending on the car-
rier concentration as well as the average carrier energy and the film
temperature. The density of photoexcited carriers will have a strong effect
on electron—electron (e—¢) scattering as well as a screening effect on the
e—p scattering [4]. Experiments to observe e—¢ scattering in GaAs films
have been pursued by other groups at low temperatures [5,6]. Under these
conditions this process will dominate in samples of high purity, but at
room temperature and low carrier densities, the e-e scattering rate (tz') is
significantly less than the electron—-phonon (e—p) scattering rate (re;,l) [7].
At sufficiently high carrier densities, e—¢ scattering may become important,
and will be examined as part of this study.

3. EFFECT ON OPTICAL PROPERTIES

Considering an ultrashort laser pulse with photon energy, E,, greater
than the band gap, Eg, absorption will occur primarily through inter-
band transitions resulting in the generation of hot electrons. In general,
this results in a reduction in the number of states available for interband
photon absorption. Initially, absorption near the excitation energy is sup-
pressed due to the coherent redistribution of electrons into states partici-
pating in transitions at E,. As the hot electrons thermalize and relax, the
absorption at this energy will increase. Transient changes in the hot carrier
distribution due to the various scattering processes cause transient changes
in the absorption characteristics of the film.

In many studies of hot carrier dynamics, the absorption character-
istics are determined through transmission measurements made on either
free standing films, or films bonded to a substrate transparent through-
out the spectral range of interest. With this technique, sample prepara-
tion can prove difficult and can often render the films unusable in a device
application. In the study presented here, measurements of the transient
change in reflectance, AR/R, were made on nontransmissive films. Because
of this, no further sample preparation is required following film growth.
Changes in the AR/R signal should be indicative of changes in the tran-
sient absorption of the film.
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It is important to note that significant changes in the reflectance can
occur as the photon energy is increased above the threshold for certain
transitions. Examination of the band structure of InP reveals transitions
from the spin—orbit split-off (s—o) band to the conduction band for E, >
E, + A, where A is the s—o band offset, in addition to the direct transi-
tions originating from the top of the heavy and light hole valence bands.
Transitions from the s—o band are allowed through only part of the tun-
ing range of the laser, whereas transitions from the heavy and light hole
bands occur throughout. In doped crystals, the donor and acceptor states
can also participate in the absorption processes [8] as well as cause band
narrowing at high concentrations [9,10]. These transitions must be taken
into account when necessary.

Carrier concentration-dependent effects can become significant for
high intensity photoexcitation and are examined in this study as well. Both
theoretical as well as experimental results have been reported on effects
such as the concentration dependence of the effective mass [10], band-
gap narrowing [11], and the shift in the absorption edge described by
Burnstein and Moss [12,13]. The Burstein—-Moss effect is due to the fill-
ing of states at the bottom of the conduction band, resulting in a shift
of the absorption edge to a higher energy. This requires relaxation of the
hot carriers to occur before becoming significant. The other effects, how-
ever, rely upon Coulomb screening and electron exchange interactions [10]
which alter absorption through changes induced in the density of states,
D(e). Bleaching is similar to the Burstein—Moss effect since it occurs as
a result of the filling of states around a given optical transition. When
the filling of states reaches saturation, absorption is suppressed at the
given photon energy, resulting in a bleaching of that optical transition [14].
Investigation of evidence of concentration-dependent effects on the AR/R
signal is presented here as well.

4. EXPERIMENTAL SETUP

The experimental setup used for this study is based upon a typical
pump-probe configuration and is depicted in Fig. 1. This technique has
been employed by many to resolve fast transient processes with picosec-
ond resolution as early as 1974 [15]. Later, groups such as Paddock and
Eesley applied this method to perform thermal diffusivity measurements
in thin metallic films [16]. In the experiment presented here, a passively
mode-locked Ti:sapphire laser is used to produce the ultrashort pulses
(zp ~13515) required for this study. The pulses are generated at a repetition
rate of 76 MHz and are tunable over a wavelength range of 720-860 nm.
The beam is split and follows two paths, the pump and the probe path.
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Fig. 1. Experimental setup for spectrally resolved transient reflectance measurements.

In the probe beam path, a half-wave plate rotates the polarization by
90° to allow scattered pump light to be eliminated by a polarizer before
detection. The pump and probe beams are focused onto the sample with
diameters of ~35 and ~ Sum, respectively. The probe is focused at the
center of the pump beam on the sample, ensuring isometric excitation in
the plane of the film at the probe beam focus. The pump path length is
fixed while the probe path length can be varied using a linear microposi-
tioning stage. This allows for control of the probe path length in less than
10fs increments such that the probe pulse arrives before, during, or after
the pump pulse. The pump beam is modulated by an acousto-optic modu-
lator (AOM) at 1 MHz resulting in a modulated excitation of the sample.
The modulated carrier excitation produced by the pump beam results in
a modulation of the optical properties observed as a change in the reflec-
tance. This small change in reflectance is measured by a lock-in amplifier
referenced to the 1 MHz modulation frequency. The initial excitation and
subsequent relaxation of the hot carrier distribution are detected through
transient reflectance data [4,17].

The reflected probe pulses are focused onto a high speed Si PIN
photodetector. The output of this detector is measured by the lock-in
amplifier. As the probe path is varied in discrete steps, transient reflectance
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data are taken by recording the magnitude and phase of the change in
the probe reflectance induced by the 1 MHz modulation. The total signal
measured by the lock-in is due only to signals occurring at the modulation
frequency, and is dominated by the modulated probe reflectance. Phase
information in the detected signal can be used in post processing of the
data to subtract any nontransient noise [18]. This noise is due primarily
to scattered pump light unable to be blocked from the detector, as well as
the possible transmission of the AOM drive signal through electronic path-
ways. The dc voltage of the photodetector is also recorded for each scan
and used to scale the signal measured by the lock-in. An example of the
result of post processing is shown in Fig. 2. The nontransient noise evi-
dent from the initial non-zero AR/R signal of the raw data is removed in
the phase corrected data. All scans presented in this work represent single
transient reflectance scans and have been phase corrected using this proce-
dure. While the data presented here represent individual scans, data taken
at different times have been found to vary by less than 3%.

In an effort to further isolate the reflected probe light, measurements
were made to detect any photoluminescence (PL) resulting from the laser
excitation. This was achieved by passing all possible collected light from
the sample through a monochromator and onto the photodetector. No

5.0E-03 InP (intrinsic)
EY =1.551eV

4.5E-03 | raw data
4.0E-03 f\—<_*\
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Fig. 2. The first 25ps of raw AR/R data taken at a photon energy of 1.551eV
on the intrinsic InP film presented in this study. The result of the post processing
phase correction is shown to remove the nontransient noise.
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measurable PL signal could be detected, and it is not expected to contrib-
ute significantly to the signal seen by the detector.

5. RESULTS

The measurements presented here were performed using ultrashort
laser pulses with a pulse width of 1, ~ 135fs, thus the nonthermal and
hot-excitation regimes will be the time scales of primary interest. Since
no measurable PL signal is detected, recombination during the isothermal
regime is not observed. It is also not yet clear whether processes occurring
in the coherent regime can be accurately detected due to the time scales
of interest relative to 7p. The goal of this investigation is to explore and
identify relevant characteristics of femtosecond transient reflectance data
taken on materials used for photonic devices. In particular, AR/R scans
have shown a significant dependence on the photon energy of the excita-
tion as well as some dependence on the pump fluence.

The experiments presented here were performed on intrinsic, Se
doped n-type, and Zn doped p-type InP films. All of the films were grown
by low-pressure metal-organic chemical vapor deposition (LPMOCVD) on
sulfur and iron doped substrates at 630°C [19]. The specifications for
each sample and substrate are shown in Table II. For each film, scans
were taken at several pump intensities over a photon energy range from
1.443 to 1.723 eV, well above the measured band gap for these films (Eg=
1.32eV). All of the AR/R scans cover 1500 ps of delay and exhibit many
similar features. In each, the initial excitation of the probe is seen as a
sharp increase in the reflectance, or AR/R signal. This signal then decays
towards zero, but the shape of this decay varies both with photon energy,
E,, and pump intensity. The peak of the AR/R signal is on the order of
10=3 for all of the samples at all energies. To help illustrate the features
of interest in these scans, it is useful to normalize the scans.

Table II. Composition and Thickness of Each Sample

InP InP n-type InP p-type
Film material InP InP:Se InP:Zn
Thickness (nm) 2142 1020 1020
Doping - n=17x10%cm=3 p=1.2x108cm™3
Eg(eV) 1.32 1.32 1.32

Substrate InP:S  InP:Fe InP:S
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In Fig. 3, normalized AR/R scans of the intrinsic InP film are shown
for a 200mW pump power. The photon energy is labeled for each scan,
and an inset plot of the first 6 ps is shown with the highest and low-
est energy highlighted. In general, the higher energy scans exhibit a faster
decay in the AR/R signal, but a change in curvature occurs abruptly as
E, is increased from 1.477 to 1.591eV. This indicates faster scattering out
of the initial excitation states at higher energies. By examining the scans
within the first few picoseconds, another feature is seen to develop as a
function of photon energy. A dramatic change in the initial response to
the pump excitation appears only at the lowest energy, 1.443eV. In this
scan, a faster initial rise followed by a decrease precedes a slower response
that quickly dominates the signal.

In Fig. 4, scans of the n-type sample are plotted and exhibit many
of the same features seen in the intrinsic sample. The change in the decay
of the AR/R signal is again seen to occur between 1.513 and 1.591eV.
Also, the initial fast transient appears in the lowest energy scan, but is
less pronounced than with the intrinsic sample. Scans of the p-type sample
depicted in Fig. 5 once again indicate a dramatic change in the decay of
the AR/R signal across the same spectral region, while the 1.443eV scan
has the same fast transient feature as in the other samples.

1.00 InP (intrinsic)

1.443 eV
1.513 eV

1.477 eV . { 1.723 eV

E 1.551 eV
g 0.56 1.591 eV
o} 1.633 eV
N 3 1.723 eV
©
g 0.34
2

0.12

1.677 eV
200 400 600 800 1000 1200 1400
-0.10 .
Time, ps

Fig. 3. Normalized AR/R scans for the InP (intrinsic) film with a 200 mW
pump beam. Scans are labeled according to the photon energy. Inset plot shows
the first 6 ps of each scan, with the highest and lowest energy scans highlighted.
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Fig. 4. Normalized AR/R scans for the InP:Se (n-type) film with a 200 mW
pump beam.
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Fig. 5. Normalized AR/R scans for the InP:Zn (p-type) film with a 200 mW
pump beam.

The energy dependent change in the decay of the AR/R signal seems
to coincide with the energy required for transitions from the split-off band
to the conduction band. The s—o band offset, A, has been reported to
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lie ~0.11-0.20eV below the primary valence band maximum [3,20]. This
results in a transition energy of ~1.43-1.52 ¢V, which is close to the energy
at which the decay in the scans begins to change. It is not clear at this
point how these additional states affect the scattering processes involved
in the relaxation of hot carriers, but they appear to contribute in a sim-
ilar way for every sample. Considering the significant kink in the absorp-
tion spectrum at the s—o band energy [21], a strong change in the AR/R
signal could be expected in this region of the spectrum.

The fast transient appearing in the 1.443eV scans also seems to be
slightly evident in the higher intensity scans at other E, as shown in
Fig. 6 for E, =1.513¢V. As previously stated, several carrier concentration
dependent effects have been reported, but most studies consider a ther-
mal distribution of carriers. As this fast transient is seen to occur on the
time scale of the coherent regime, the carrier distribution is expected to be
nonthermal. This effect on the reflectance may be evidence of bleaching,
saturation of transitions in the region of E,, which has been observed in
other ultrafast relaxation studies [22-24]. The decreased number of states
participating in photon absorption at lower energies may account for the
enhancement of the fast transient at lower E,. Bleaching could occur
more readily where D(e) is smaller, but would require a higher pump
fluence to completely saturate transitions where D(e) is larger. Further
investigation will be necessary, particularly at the lower photon energies.

InP (intrinsic)
1.00{ Ey=1513eV
—+—500 mW
—5-400 MW
—a—200 MW
0.78 4 —e—100 MW
[
S~
2
<
g 0.56 1
N
©
£
S
= 0.34 1
0.12
0|5 0.7 0.9 1.1 1.3 15 1.7 1.9 2.1 2.3 25
-0.10

Time, ps

Fig. 6. Normalized AR/R scans for the first 2.5 ps of the InP (intrinsic) film at vary-
ing pump intensity. Evidence of the fast transient appear in the higher intensity scans.
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Fig. 7. Normalized AR/R scans for the InP (intrinsic) film at varying pump intensity.

For longer delay times, at all energies the effect of the carrier con-
centration on the AR/R response was similar for all samples. Scans were
taken at 100, 200, and 400mW at each E, except 1.723eV where the
power of the pump beam was limited to less than 400 mW. An additional
scan was taken at each E, at the highest intensity possible. The results
were similar for each sample over the range of E,, and a plot of the
intrinsic sample at 1.551¢eV is shown in Fig. 7. The decay of the AR/R
response is faster at lower carrier densities (i.e., lower pump intensity). As
hot carriers are scattered and fill energy states below E,, a reduction in
e—p scattering out of states near E, may arise due to the reduction in
available states below E,. At lower pump intensities, a larger number of
states will remain available between Eg and E, and allow faster relaxa-
tion of the initial excited distribution. The results here do not provide evi-
dence for the origin of this effect, and additional experiments must be con-
ducted.

6. CONCLUSIONS

Experiments presented here for several InP-based films have demon-
strated the sensitivity of the transient reflectance signal to both photon
energy and the number of excited carriers. Experimental AR/R scans
indicate a change in the transient behavior of the films above the energy
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required for transitions originating from the spin—orbit split-off band. The
origin of the carrier dependent effects and how they are related to E, is
not yet clear but may be evidence of bleaching. Estimations of the car-
rier concentrations excited by the pump are on the order of 108 cm~3
using literature values for the optical constants [25]. To form a more com-
plete understanding of the AR/R signal, a theoretical transient reflectance
model will be developed. Part of developing a proper reflectance model
will be the determination of how the optical constants are affected by
the excited carrier distribution as it evolves through ultrafast dynamics.
The approach being taken is to determine a functional dependence on the
time-dependent excited electron distribution for the optical constants. This
should allow for estimation of the rate of the thermalization, relaxation,
and possibly recombination processes. It is also important to take into
account any spatial gradient in the index of refraction normal to the film
surface. Following the methods presented by Wait, it should be possible
to include the effect of a spatially nonuniform index of refraction in the
computation of the reflectance [26].

In this study, the pump and probe photon energies are equal, so the
probe effectively monitors the rate at which electrons (and holes) are scat-
tered out of the initial excited states. Future experimental studies have
been proposed to enable probing states below the excited states in order to
further resolve the nature of the scattering processes involved. This should
also help to develop and refine an accurate transient reflectance model.
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