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Using synchronized near-infrared 共NIR兲 and terahertz 共THz兲 lasers, we have performed picosecond
time-resolved THz spectroscopy of transient carriers in semiconductors. Specifically, we measured
the temporal evolution of THz transmission and reflectivity after NIR excitation. We systematically
investigated transient carrier relaxation in GaAs and InSb with varying NIR intensities and magnetic
fields. Using this information, we were able to determine the evolution of the THz absorption to
study the dynamics of photocreated carriers. We developed a theory based on a Drude conductivity
with time-dependent density and density-dependent scattering lifetime, which reproduced the
observed plasma dynamics. Detailed comparison between experimental and theoretical results
revealed a linear dependence of the scattering frequency on density, which suggests that electron–
electron scattering is the dominant scattering mechanism for determining the scattering time. In
InSb, plasma dynamics was dramatically modified by the application of a magnetic field, showing
rich magnetoreflection spectra, while GaAs did not show any significant magnetic field dependence.
We attribute this to the small effective masses of the carriers in InSb compared to GaAs, which made
the plasma, cyclotron, and photon energies all comparable in the density, magnetic field, and
wavelength ranges of the current study. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1589601兴

I. INTRODUCTION

the absence and presence of an external magnetic field. By
simultaneously monitoring the temporal evolution of the
transmission and reflection of a THz probe pulse after NIR
excitation, we carried out a dynamical study of the Drude
conductivity of transient plasmas. More specifically, we were
able to directly determine the density and scattering lifetime
of photocreated transient carriers as functions of time, i.e.,
n(t) and  (t).
Another unique aspect of this technique lies in the fact
that intraband FIR/THz spectroscopy is independent of
whether the states involved are interband active or not, thus
providing a rare opportunity to directly probe nonradiative
共or ‘‘dark’’兲 states. Dynamics involving such states are not
observable with conventional interband transient spectroscopies, e.g., time-resolved photoluminescence spectroscopy. This unique ability makes it a powerful tool for providing insight into how optically created nonequilibrium
electron-hole pairs lose their excess energies while relaxing
toward the band edge through various scattering and thermalization processes before eventually recombining to
luminesce.26
In our previous work,9,10 we described the demonstration
of picosecond time-resolved cyclotron resonance of photogenerated transient carriers by monitoring THz absorption as a
function of magnetic field at fixed time delays between the
NIR pump pulse and THz probe pulse. In the present article,
we systematically investigated carrier relaxation in InSb and

The advent of long-wavelength coherent sources, such as
free-electron lasers 共FELs兲,1 parametric generators with difference frequency mixing,2 terahertz 共THz兲 antennas,3 and
quantum cascade lasers4 has brought a class of opportunities
to study low-energy phenomena in solid state systems in the
time domain and/or high-intensity regimes. In particular, farinfrared 共FIR兲/THz pulses can directly probe low-energy dynamics in bulk and quantum-confined semiconductors, e.g.,
cyclotron resonance 共CR兲,5–11 internal transitions of shallow
donors12,13 and excitons,14 –16 phonons,17,18 and intersubband
transitions.19–23 In addition, small photon energies enhance
the ponderomotive potential energy16,24 while precluding interband absorption and sample damage, leading to the possibility of extreme nonlinear optical behavior in
semiconductors.24,25
In this article we describe results of our study of the THz
properties of photogenerated transient plasmas in semiconductors using a synchronized short-pulse THz-near-infrared
共NIR兲 laser system with picosecond time resolution, both in
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FIG. 1. Schematic diagram of the experimental setup used for time-resolved
two-color 共NIR–THz兲 spectroscopy of transient plasmas in semiconductors.

GaAs at different NIR intensities and magnetic fields. Our
calculations based on a Drude conductivity with n(t) and
 (t) reproduced the main observed features. By fitting the
theoretical reflectivity versus time to the experimental
curves, we found a linear dependence of the scattering rate,
1/ , on the carrier density, n. This suggests that electron–
electron scattering27 is the main factor in determining the
carrier scattering lifetime inside the plasma in our density
and time delay ranges. The application of a magnetic field in
InSb resulted in dramatic modifications in plasma dynamics
whereas GaAs did not show any strong magnetic field dependence up to 8 T. This behavior of InSb can be attributed
to the small effective masses of its carriers, which made the
plasma, cyclotron, and photon energies all comparable, under
our experimental conditions, and their subtle interplay led to
the observed rich plasma dynamics. Our theoretical simulations are in good qualitative agreement with the observations, supporting this explanation.
II. EXPERIMENTAL METHODS

The NIR laser source was a Ti:sapphire laser seeding a
regenerative amplifier. The amplifier produced intense NIR
( NIR⬇800 nm) pulses with pulse duration of ⬃200 fs and
pulse energies as high as ⬃1 mJ at variable repetition rates
up to 1 kHz. The Stanford FEL28 produced pulses 共in macropulses, as described later兲 with wavelengths continuously
tunable in the midinfrared 共3–15 m兲 and FIR/THz 共15– 80
m兲 with pulse durations ranging from 0.6 to 2 ps29 and
pulse energies as high as ⬃1  J. In the present study, the
FEL wavelength was mostly fixed to  THz⫽42  m 共or  THz
⫽7.1⫻1012 Hz or ប  THz⫽29.5 meV).
A schematic diagram of our experimental setup for the
two-color spectroscopy experiments is illustrated in Fig. 1.
The NIR output of the Ti:sapphire system was directed
through a computer controlled variable delay stage, after
which it was spatially overlapped with the THz beam from
the FEL using a Pellicle plate. The two beams were thus
made collinear as they were focused onto the sample using a

parabolic mirror. The NIR pulse excited nonequilibrium carriers across the band gap of the sample, which then absorbed
a fraction of the incident THz probe pulse. The transmitted
and reflected THz beams were then recollimated and directed
to liquid 4 He -cooled Ge:Ga photoconductive detectors. The
THz output of the FEL was a pulse train of 10 Hz ‘‘macropulses’’ 5 ms in duration. These macropulses each contained
many (⬃60 000)⬃1 ps duration ‘‘micropulses’’ separated by
84.6 ns, corresponding to a repetition rate of 11.8 MHz. The
micropulse-to-micropulse energy fluctuations were factored
out using a THz reference detector 共not shown in Fig. 1兲
before the sample. The Ti:sapphire oscillator was locked to
the seventh harmonic of this repetition rate, i.e., 82.6 MHz.
Our synchronization electronics allowed us to select a single
NIR pulse per FEL macropulse. A combination of the optical
delay stage and electronic delays in the synchronization allowed for selective delays from 0 to 84.6 ns with a picosecond resolution. With this arrangement, we were able to compare the intensities of the transmitted and reflected THz
pulses before and after the NIR pump pulse. The amounts of
photoinduced change in THz transmission and reflection
were recorded as functions of time delay. We then defined
photoinduced absorption as
⌬A⫽

1⫺R⫺T 1⫺R 0 ⫺T 0
⫺
,
1⫺R
1⫺R 0

共1兲

where R and T are the reflectivity and transmissivity, respectively, which are functions of time delay, and R 0 and T 0 are
their equilibrium values, i.e., before the arrival of the NIR
pump pulse. For InSb, we determined, by Fourier-transform
infrared spectroscopy, that R 0 ⫽18% 共cf. theoretical value of
⬃20%) and T 0 ⫽9% for 42 m radiation.
The InSb sample was undoped and had an electron density of 8.0⫻1013 cm⫺3 and a mobility of 8.3
⫻105 cm2 V⫺1 s⫺1 at 78 K. The GaAs sample was semiinsulating, with excess arsenic. We wedged both samples by
⬃3° to avoid multiple-reflection interference effects, and
polished down to ⬃150  m, still much thicker than the absorption depths of both InSb and GaAs at 800 nm. This has
an impact on the carrier dynamics, as significant carrier diffusion into the sample occurs 共as discussed later兲. The
sample was placed inside a 9 T/1.5 K horizontal-bore splitcoil magnet system 共Oxford Instruments Spectromag 4000兲
with sapphire cold windows and polypropylene room temperature windows. The sample was tilted 45° with respect to
the magnetic field, B, which was parallel to both laser beams.
III. EXPERIMENTAL RESULTS
A. Power dependence

Typical zero-magnetic-field data for GaAs 关left: 共a兲–共c兲兴
and InSb 关right: 共d兲–共f兲兴 are shown in Fig. 2. The transmission, reflection, and absorption of the THz probe beam are
plotted against time delay. The wavelength of the THz probe
was 42 m (  THz⫽7.1⫻1012 Hz, ប  THz⫽29.5 meV) and the
sample temperature was 1.5 K. Each panel shows multiple
traces corresponding to different NIR intensities, with the
maximum NIR fluence at the sample estimated to be
⬃4 mJ/cm2 . In both the GaAs and InSb samples, the photo-
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FIG. 2. Temporal evolution of the THz transmission, reflection, and absorption for different NIR pump intensities in the GaAs 关left: 共a兲–共c兲兴 and InSb
关right: 共d兲–共f兲兴 samples. The wavelength of the THz probe was  THz
⫽42  m 共or  THz⫽7.1⫻1012 Hz or ប  THz⫽29.5 meV and the sample temperature was 1.5 K.

generated carriers cause an abrupt drop 共rise兲 in the THz
transmission 共reflection兲 at timing zero. For example, at the
maximum NIR intensity, the transmission drop is ⬃100%
共complete transmission quenching兲 in GaAs and ⬃70% in
InSb. The photoinduced absorption curves shown in Figs.
2共c兲 and 2共f兲 were obtained from the measured transmission
and reflection curves using Eq. 共1兲.
The subsequent recovery of these photoinduced abrupt
changes depends critically on the relaxation properties of the
sample under study. It is clear from Fig. 2 that there are
significant differences between GaAs and InSb. In general,
the GaAs sample shows smooth and monotonic temporal
evolution throughout the entire time range presented here
共0– 800 ps兲, whereas the InSb sample shows much more
complicated behavior, exhibiting dynamic changes within the
first ⬃400 ps. The decay of the transmission 共or absorption兲
change in InSb is far from monotonic, clearly showing multiple componets at high NIR intensities. Its reflection dynamics are even more intriguing, exhibiting a sign change 共positive to negative兲 at a certain time delay, which sensitively
depends on the NIR pump intensity. As discussed in Sec. IV,
we can explain these dramatic differences between the two
systems in terms of the importance of Auger processes, well
known nonradiative carrier recombination especially important in narrow gap semiconductors like InSb.27 The much
shorter absorption depth of InSb as compared to GaAs also
favors the importance of Auger recombination. The sensitivity to the total carrier density, not the density of the
interband-active 共or radiative兲 carriers alone, distinguishes
the current spectroscopic technique from conventional transient spectroscopies based on interband transitions.
The value of photoinduced reflectivity change is not a
simple function of time delay or NIR pump intensity. Both

3273

FIG. 3. Photoinduced reflectivity change as a function of NIR pump intensity for GaAs for fixed time delays of 0, 418, and 719 ps. Lines connecting
data points are guides to an eye. It can be seen that with increasing NIR
intensity the THz reflectivity can either increase or decrease, depending on
the time delay. We can also see, for time delays of 418 and 719 ps, that the
reflectivity initially decreases and then increases monotonically.

its magnitude and sign depend on these parameters in a complicated manner. This is true even for GaAs, for which the
reflection curves look smooth and monotonic in Fig. 2共b兲. To
illustrate this point, we plotted the photoinduced reflectivity
as a function of NIR intensity for three different time delays
in Fig. 3. Here the data were taken by varying the intensity
of the NIR pump pulse while the time delay was kept constant. We can see that with increasing NIR intensity the THz
reflectivity can either increase or decrease, depending on the
value of time delay. Also, if the time delay is large enough,
we see that the reflectivity initially decreases and then increases with the NIR intensity. As we will see, the sign of the
photoindiuced reflectivity change is governed by the interplay between the plasma frequency,  p (⬀ 冑n), and the THz
photon frequency,  THz .
B. Magnetoplasma reflection

Since GaAs did not exhibit any magnetic field dependence in our accessible magnetic field range, here we concentrate on the data from InSb. Figures 4共a兲 and 4共b兲 show
photoinduced reflectivity versus time delay for InSb at various fixed magnetic fields for high (⬃4 mJ/cm2 ) and low
(⬃15  J/cm2 ) excitations, respectively, at a temperature of
1.5 K. The data exhibit qualitatively different behavior under
these different excitation conditions. All the traces in Fig.
4共a兲 show significant photoinduced enhancement in reflectivity immediately after photoexcitation. This is because the
plasma energy of the photocreated carriers initially exceeds
the photon energy of the THz probe 共29.5 meV or 7.1 THz兲.
The estimated initial carrier density in the high-excitation
case is of the order of ⬃1019 cm⫺3 , which corresponds to a
plasma energy of ⬃250 meV 共or 60 THz兲.
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cesses, e.g., carrier diffusion and radiative recombination,
which are not explicitly taken into account in our model. The
density evolution n(t) is then given by
n共 t 兲⫽

1
C 2* t⫹1/n 共 0 兲

共3兲

, t⭓0,

where n(0) denotes the initial density of photocreated
electron-hole pairs.
The scattering rate  ⫺1 is taken to be a power law function of the carrier density n, with coefficient ␣, exponent ␤,
and a small fixed offset  i ⬇0.1 ps used to account for
density-independent scattering mechanisms

 ⫺1 共 t 兲 ⫽ ␣ n ␤ 共 t 兲 ⫹  ⫺1
i .

共4兲

The dielectric function of a semiconductor after ultrashort pulse excitation of a nonequilibrium plasma is given
by

FIG. 4. Measured photoinduced reflection vs time delay at various fixed
magnetic fields for 共a兲 high (⬃4 mJ/cm2 ) and 共b兲 low (⬃15  J/cm2 ) NIR
excitations in InSb at 1.5 K. Traces are vertically offset for clarity.

The low-excitation data at B⫽0 T, on the other hand,
shows a reflectivity drop due to the created carriers, as
shown in Fig. 4共b兲. However, this completely opposite behavior very quickly disappears as we increase the magnetic
field from 0 to 1.5 T. A small peak emerges in reflectivity,
which grows in intensity with increasing magnetic field,
reaches a maximum at ⬃3 T, stays roughly constant up to
⬃5 T, and finally goes away at higher magnetic field. This
very interesting behavior is explainable in terms of the tuning of the plasma energy by the magnetic field,30 or the interplay between the plasma energy and the cyclotron energy,
as discussed in more detail in Sec. IV B.
IV. DISCUSSION
A. Plasma dynamics

We developed a theory for the reflectivity of a transient
plasma as a function of carrier density 共n兲, scattering time
共兲, and magnetic field 共B兲. After being created by the NIR
laser beam, the carrier population decreases on a picosecond
time scale. While there are a number of possible decay
mechanisms, the dominant one, especially in narrow gap
semiconductors at high densities 共which is the case for InSb
in this study兲, is known as Auger relaxation.27,31–33 In this
nonradiative decay mechanism, an electron and a hole recombine and the resulting energy is transferred to a third
carrier. In this decay mechanism, the carrier density decreases in a characteristic way
dn
⫽⫺C 2 n 2 ,
dt

共2兲

where C 2 ⫽7.5⫻10⫺9 cm3 /s is a reported Auger coefficient
for InSb.31 In our analyses we used a modified Auger coefficient C 2* ⫽  C 2 in order to account for other decay pro-

  ⫽ ⬁

再

冎

 p共 t 兲 2
1⫹ ph共  兲 ⫺
.
 关  ⫺i/  共 t 兲兴

共5兲

Here  ⬁ ⫽15.68 is the dielectric constant for InSb,  p
⫽ 关 4  n(t)e 2 /m e  ⬁ 兴 1/2 is the plasma frequency (m e
⫽0.014m 0 ). The phonon contribution  ph is calculated as
 ph共  兲 ⫽

 L2 ⫺  T2
 T2 ⫺  2 ⫹i⌫ 

共6兲

,

where ប  L ⫽23.6 meV (ប  T ⫽22.2 meV) is the energy of
the longitudinal 共transverse兲 optical phonon and ⌫
⫽0.35 meV. For a fixed THz photon energy ប  THz
⫽29.5 meV (42  m, 7.1 THz),  ph⬇⫺0.17⫺0.005i is the
material parameter.
At 45° incidence, the reflection coefficient r  can be
calculated using a Fresnel formula
r 共 t 兲 ⫽

  cos共  /4兲 ⫺ 冑  ⫺sin2 共  /4兲

  cos共  /4兲 ⫹ 冑  ⫺sin2 共  /4兲

.

共7兲

In Fig. 5, the reflectivity R⫽r  r * for ប  THz
⫽29.5 meV (  THz⫽7.1 THz) is plotted as a function of scattering lifetime, , and carrier density, n, obtained through
Eqs. 共5兲, 共6兲, and 共7兲, in the ranges of  ⫽10⫺15⫺10⫺11 s and
n⫽1015⫺1019 cm⫺3 .
The temporal evolution of the normalized photoinduced
reflectivity due to transient plasmas is then computed as
r  共 t 兲 r * 共 t 兲
⌬R 共 t 兲
R共 t 兲
⫽1⫹
⫽
,
R0
R0
r  共 ⬁ 兲 r * 共 ⬁ 兲

共8兲

which can be directly compared with experimental data.
Here R 0 ⫽r  (⬁)r * (⬁)⬇0.198 is the reflectivity in equilibrium.
In Fig. 6 we present our experimental data 关panel 共a兲兴
along with the fits 关panel 共b兲兴 obtained using Eq. 共8兲. We
used the initial rise of the reflectivity, i.e., ⌬R(0)/R 0 , to
determine the initial carrier density, as well as the parameters
␣ and ␤ in Eq. 共4兲. The initial density of photocreated carriers n(0) scales linearly with the pump intensity, as expected.
We also found that most fits result in a value of ␤ very close
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FIG. 7. Temporal evolution of the density 共a兲 and scattering rate 共b兲 in InSb
for selected NIR pump intensities.

FIG. 5. Gray scale image of the reflectivity of a plasma created in InSb as a
function of carrier density n and scattering time  for a THz probe beam
with a photon enenrgy of ប  ⫽29.5 meV.

to 1, suggesting the importance of electron-electron
scattering.27 The resulting expression for the scattering rate is
as follows: 1/ ⬇2.1⫻10⫺4 n (cm⫺3 )⫹1/ i 关cf. Eq. 共4兲兴. Using this expression for all NIR intensities, we then performed
the time evolution fits assuming the Auger-like decay of the
carrier population 关cf. Eq. 共3兲兴. The multiplicative factor 
showed a rather weak, but systematic, decrease from ⬃17 to
⬃7 with increasing NIR intensity. The excellent agreement
seen in Fig. 6 makes us believe that the carrier diffusion must
be completed in less than ⬃10 ps under our experimental
conditions and its neglect in our model is justified. In Fig. 7

we present the temporal evolution of the carrier density 共a兲
and the scattering rate 共b兲 calculated using Eqs. 共3兲 and 共4兲
using the parameters derived from the fits.

B. Magnetoplasma dynamics

When an external magnetic field is applied, Eq. 共5兲 is
modified, for CR active 共⫹兲 and inactive 共⫺兲 polarizations,
respectively, into

再

  ,⫾ ⫽ ⬁ 1⫹ ph共  兲 ⫺

冎

 p共 t 兲 2
,
 关  ⫾  c ⫺i/  共 t 兲兴

共9兲

where  c ⫽eB/m e c is the cyclotron frequency. Correspondingly, Eq. 共7兲 changes to
r  ,⫾ ⫽

  ,⫾ cos共  /4兲 ⫺ 冑  ,⫾ ⫺sin2 共  /4兲

  ,⫾ cos共  /4兲 ⫹ 冑  ,⫾ ⫺sin2 共  /4兲

.

共10兲

We then calculate the reflectivity, R, for a linearly polarized
THz beam with frequency  by taking an average between
the CR active and inactive circular polarization states
R⫽

FIG. 6. Experimental 共a兲 and calculated 共b兲 photoinduced reflectivity of
InSb as a function of time delay for selected NIR pump intensities. Traces
are vertically offset for clarity.

r  ,⫹ r *,⫹ ⫹r  ,⫺ r *,⫺
2

.

共11兲

This is plotted in Fig. 8 for a THz beam with ប 
⫽29.5 meV as a function of  p and  c . Here the value of
  is fixed at 10.7, and ប  L ⫽23.6 meV, ប  T ⫽22.2 meV,
and ⌫⫽0.35 meV are used for Eq. 共6兲. Figure 8 can be used
for qualitatively predicting THz magnetoreflection dynamics
by treating the  p axis as the time delay 关since  p ⬀ 冑n(t)]
and the  c axis as the applied magnetic field 共since  c
⬀B). Most importantly, one can clearly see from this figure
that the instantaneous value of reflectivity of a transient
plasma can become larger or smaller than the equilibrium
value in a complicated manner, depending on the instantaneous values of the carrier density and magnetic field.
The temporal evolution of the normalized photoinduced
reflectivity for a linearly polarized THz probe with frequency
 is calculated as
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plied magnetic field can dramatically change this behavior. A
small peak appears at zero delay, whose magnetude rapidly
increases with increasing magnetic field up to ⬃3 T, saturates, and gradually decreases. This intriguing behavior can
be explained in terms of tuning of the plasma edge by B, i.e.,
the interplay between  p and  c , and is reproduced by our
theoretical calculation 关Fig. 9共b兲兴. At fields higher than 2 T,
the agreement is not very good. We attribute this to the neglect of Landau quantization in our model, which should
significantly change carrier relaxation such as phonon
emission.
V. SUMMARY

FIG. 8. Magnetoplasma reflectivity calculated by Eq. 共9兲 for a THz beam
with ប  ⫽29.5 meV as a function of plasma frequency (  p ) and cyclotron
frequency (  c ). One can see that the reflectivity can be larger or smaller
than the equilibrium value in a complicated way, depending on the values of
carrier density and magnetic field. The following parameters are used:  
⫽10.7, ប  L ⫽23.6 meV, ប  T ⫽22.2 meV, and ⌫⫽0.35 meV. 关cf. Eqs. 共6兲
and 共7兲.兴

r  ,⫹ 共 t 兲 r *,⫹ 共 t 兲 ⫹r  ,⫺ 共 t 兲 r *,⫺ 共 t 兲
R共 t 兲
⌬R
⫽1⫹
⫽
,
R0
R 0 r  ,⫹ 共 ⬁ 兲 r *,⫹ 共 ⬁ 兲 ⫹r  ,⫺ 共 ⬁ 兲 r *,⫺ 共 ⬁ 兲
共12兲
which can now be compared with experimental data. Figure
9 illustrates 共a兲 experimental and 共b兲 theoretical magnetoplasma reflection dynamics. At zero magnetic field, the created plasma decreases the reflectivity. This behavior is due to
the fact that the plasma energy of the created carriers is
lower than the THz photon energy. When this is the case, an
increased carrier density translates into a decreased refractive
index, and hence, a decreased reflectivity. Even a small ap-

In summary, we performed picosecond two-color 共NIR
and THz兲 time-resolved spectroscopy on GaAs and InSb. We
simultaneously monitored the dynamics of THz transmission
and reflection while we varied the strength of the applied
magnetic field and the time delay between the NIR and THz
pulses. We found that the photoinduced reflectivity dynamics
are drastically affected by the magnetic fields. These results
demonstrate the power and usefulness of this FIR technique
for investigating the dynamics of nonequilibrium carriers in
semiconductors at very low energy scales.
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