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Using synchronized near-infraréNIR) and terahertZTHz) 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
InSh, 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.

[DOI: 10.1063/1.15896Q1

I. INTRODUCTION the absence and presence of an external magnetic field. By
simultaneously monitoring the temporal evolution of the
The advent of long-wavelength coherent sources, such agansmission and reflection of a THz probe pulse after NIR
free-electron laseréFELs)," parametric generators with dif- excitation, we carried out a dynamical study of the Drude
ference frequency mixing terahertz(THz) antennas,and  conductivity of transient plasmas. More specifically, we were
quantum cascade laséfsas brought a class of opportunities aple to directly determine the density and scattering lifetime
to study low-energy phenomena in solid state systems in thgf photocreated transient carriers as functions of time, i.e.,
time domain and/or high-intensity regimes. In particular, far-n(t) and =(t).
infrared (FIR)/THz pulses can directly probe low-energy dy-  Another unique aspect of this technique lies in the fact
namics in bulk and quantum-confined semiconductors, €.gthat intraband FIR/THz spectroscopy is independent of
cyclotron resonancéCR),’ * internal transitions of shallow \yhether the states involved are interband active or not, thus
donors***and excitons;'~*®phonons;”**and intersubband  providing a rare opportunity to directly probe nonradiative
transitions:®~?* In addition, small photon energies enhance(or “dark” ) states. Dynamics involving such states are not
the ponderomotive potential enef§y*while precluding in-  gbservable with conventional interband transient spec-
terband absorption and sample damage, leading to the posgipscopies, e.g., time-resolved photoluminescence spectros-
bility - of extrfzrge nonlinear  optical ~behavior in copy. This unique ability makes it a powerful tool for pro-
semlcon_duct(_)ré.' _ viding insight into how optically created nonequilibrium
In this article we describe results of our study of the THZg|ectron-hole pairs lose their excess energies while relaxing
properties of photogenerated transient plasmas in semicofsward the band edge through various scattering and ther-
ductors using a synchronized short-pulse THz-near-infrareg,jization processes before eventually recombining to
(NIR) laser system with picosecond time resolution, both inminesce?®
In our previous work:*°we described the demonstration
dpresent address: Department of Physics, University of Utah, Salt Lak@f picosecond time-resolved cyclotron resonance of photoge-
City, UT 84112; electronic mail: maz.physics.utah.edu nerated transient carriers by monitoring THz absorption as a

Ppresent address: Lineup Technologies, Inc., Los Angeles, CA 90064. ; [ . ;
9present address. UltraPhotonics, Fremont, CA 94538, function of magnetic field at fixed time delays between the

dAuthor to whom correspondence should be addressed; electronic mailN|R PUMpP pqlse and TH? probe pu_Ise. In the_pre_sent article,
kono@rice.edu we systematically investigated carrier relaxation in InSb and
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] parabolic mirror. The NIR pulse excited nonequilibrium car-
D(;eégzr riers across the band gap of the sample, which then absorbed
x a fraction of the incident THz probe pulse. The transmitted
Split-coil magnet \ T and reflefted THz beams were then recollimated and directed
i R ) to liquid “He -cooled Ge:Ga photoconductive detectors. The
THzprobs R ! > Difc;gir THz output of the FEL was a pulse train of 10 Hz “macro-
pulses” 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
Off-axis micropulse-to-micropulse energy fluctuations were factored
parabolic out using a THz reference detectorot shown in Fig. 1
murror before the sample. The Ti:sapphire oscillator was locked to
i the seventh harmonic of this repetition rate, i.e., 82.6 MHz.
Pellicle N . .
beam Our synchronization electronics allowed us to select a single
combiner NIR pulse per FEL macropulse. A combination of the optical

delay stage and electronic delays in the synchronization al-
lowed for selective delays from 0 to 84.6 ns with a picosec-
8nd resolution. With this arrangement, we were able to com-
pare the intensities of the transmitted and reflected THz
pulses before and after the NIR pump pulse. The amounts of
GaAs at different NIR intensities and magnetic fields. Ourphotoinduced change i.n THz t.ransmission and reflegtion
calculations based on a Drude conductivity wittt) and were _recorded as fun.ct|ons of time delay. We then defined
#(t) reproduced the main observed features. By fitting th?hotoinduced absorption as
theoretical reflectivity versus time to the experimental 1-R-T 1-Ry—T,
curves, we found a linear dependence of the scattering rate, AA= 1-R _ 1-R. €y
1/7, on the carrier densityn. This suggests that electron— 0
electron scatterirfg is the main factor in determining the WhereRandT are the reflectivity and transmissivity, respec-
carrier scattering lifetime inside the plasma in our densitytively, which are functions of time delay, afi}h and T, are
and time delay ranges. The application of a magnetic field iheir equilibrium values, i.e., before the arnvallof the NIR
InSb resulted in dramatic modifications in plasma dynamicgUmp pulse. For InSb, we determined, by Fourier-transform
whereas GaAs did not show any strong magnetic field delnfrared spectroscopy, th&,=18% (cf. theoretical value of
pendence up to 8 T. This behavior of InSb can be attributed~20%) andTo=9% for 42 um radiation.
to the small effective masses of its carriers, which made the ~ The InSb sample was undoped and had an electron den-
plasma, cyclotron, and photon energies all comparable, undéfty _of 8.0<10"cm * and a mobility of 8.3
our experimental conditions, and their subtle interplay led toX 10°cn?V™*s™! at 78 K. The GaAs sample was semi-
the observed rich plasma dynamics. Our theoretical simulansulating, with excess arsenic. We wedged both samples by
tions are in good qua“tative agreement with the observa?‘?)o to avoid mUltiple-reneCtion interference effects, and
tions, supporting this explanation. polished down to~150um, still much thicker than the ab-
sorption depths of both InSb and GaAs at 800 nm. This has
an impact on the carrier dynamics, as significant carrier dif-
Il. EXPERIMENTAL METHODS fusion into the sample occurgas discussed later The
The NIR laser source was a Ti:sapphire laser seeding §2mple was placed inside a 9 T/1.5 K horizontal-bore split-
regenerative amplifier. The amplifier produced intense NIRCOil magnet systentOxford Instruments Spectromag 4000
(Mur~800nm) pulses with pulse duration 6f200fs and  With sapphire cold windows and polypropylene room tem-
pulse energies as high asl mJ at variable repetition rates Perature windows. The sample was tilted 45° with respect to
up to 1 kHz. The Stanford FEE produced pulse§n mac- the magnetic fieldB, which was parallel to both laser beams.
ropulses, as described latevith wavelengths continuously
tunable in the midinfrare@3—15um) and FIR/THz(15-80 |||. EXPERIMENTAL RESULTS
um) with pulse durations ranging from 0.6 to 22psand
pulse energies as high asl uJ. In the present study, the
FEL wavelength was mostly fixed ®or,=42um (Or vy, Typical zero-magnetic-field data for Gafleft: (a)—(c)]
=7.1X10"?Hz or i wy,=29.5meV). and InSb[right: (d)—(f)] are shown in Fig. 2. The transmis-
A schematic diagram of our experimental setup for thesion, reflection, and absorption of the THz probe beam are
two-color spectroscopy experiments is illustrated in Fig. 1.plotted against time delay. The wavelength of the THz probe
The NIR output of the Ti:sapphire system was directedwas 42um (vry,= 7.1X 10"*Hz, i wtn,= 29.5 meV) and the
through a computer controlled variable delay stage, aftesample temperature was 1.5 K. Each panel shows multiple
which it was spatially overlapped with the THz beam fromtraces corresponding to different NIR intensities, with the
the FEL using a Pellicle plate. The two beams were thusnaximum NIR fluence at the sample estimated to be
made collinear as they were focused onto the sample using-a4 mJ/cnt. In both the GaAs and InSb samples, the photo-

FIG. 1. Schematic diagram of the experimental setup used for time-resolve
two-color (NIR-THz) spectroscopy of transient plasmas in semiconductors.

A. Power dependence
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FIG. 3. Photoinduced reflectivity change as a function of NIR pump inten-
FIG. 2. Temporal evolution of the THz transmission, reflection, and absorpsity for GaAs for fixed time delays of 0, 418, and 719 ps. Lines connecting
tion for different NIR pump intensities in the Gafleft: (a)—(c)] and InSb data points are guides to an eye. It can be seen that with increasing NIR

[right: (d)—(f)] samples. The wavelength of the THz probe wesg,, intensity the THz reflectivity can either increase or decrease, depending on
=42 um (or vyy,=7.1X 102 Hz or A wy,=29.5 meV and the sample tem- the time delay. We can also see, for time delays of 418 and 719 ps, that the
perature was 1.5 K. reflectivity initially decreases and then increases monotonically.

generated carriers cause an abrupt dfepe) in the THz  its magnitude and sign depend on these parameters in a com-
transmissior(reflection at timing zero. For example, at the plicated manner. This is true even for GaAs, for which the
maximum NIR intensity, the transmission drop -s100% reflection curves look smooth and monotonic in Fi)2To
(complete transmission quenchjnip GaAs and~70% in illustrate this point, we plotted the photoinduced reflectivity
InSb. The photoinduced absorption curves shown in Figsas a function of NIR intensity for three different time delays
2(c) and 2f) were obtained from the measured transmissiorin Fig. 3. Here the data were taken by varying the intensity
and reflection curves using E). of the NIR pump pulse while the time delay was kept con-
The subsequent recovery of these photoinduced abrugtant. We can see that with increasing NIR intensity the THz
changes depends critically on the relaxation properties of theeflectivity can either increase or decrease, depending on the
sample under study. It is clear from Fig. 2 that there arevalue of time delay. Also, if the time delay is large enough,
significant differences between GaAs and InSb. In generalve see that the reflectivity initially decreases and then in-
the GaAs sample shows smooth and monotonic temporalreases with the NIR intensity. As we will see, the sign of the
evolution throughout the entire time range presented herghotoindiuced reflectivity change is governed by the inter-
(0—800 p3, whereas the InSb sample shows much moreplay between the plasma frequency)(oc\/ﬁ), and the THz
complicated behavior, exhibiting dynamic changes within thephoton frequencywry; .
first ~400 ps. The decay of the transmissi@n absorption
change in InSb is far from monotonic, clearly showing mul-
tiple componets at high NIR intensities. Its reflection dynam-
ics are even more intriguing, exhibiting a sign chafgesi- Since GaAs did not exhibit any magnetic field depen-
tive to negative at a certain time delay, which sensitively dence in our accessible magnetic field range, here we con-
depends on the NIR pump intensity. As discussed in Sec. I\¢entrate on the data from InSb. Figurds)4and 4b) show
we can explain these dramatic differences between the twphotoinduced reflectivity versus time delay for InSb at vari-
systems in terms of the importance of Auger processes, wetlus fixed magnetic fields for high~4 mJ/cnt) and low
known nonradiative carrier recombination especially impor-(~15uJ/cnf) excitations, respectively, at a temperature of
tant in narrow gap semiconductors like In8bThe much 1.5 K. The data exhibit qualitatively different behavior under
shorter absorption depth of InSb as compared to GaAs alsthese different excitation conditions. All the traces in Fig.
favors the importance of Auger recombination. The sensitiv4(a) show significant photoinduced enhancement in reflectiv-
ity to the total carrier density, not the density of theity immediately after photoexcitation. This is because the
interband-active(or radiative carriers alone, distinguishes plasma energy of the photocreated carriers initially exceeds
the current spectroscopic technique from conventional tranthe photon energy of the THz prolg29.5 meV or 7.1 THEg
sient spectroscopies based on interband transitions. The estimated initial carrier density in the high-excitation
The value of photoinduced reflectivity change is not acase is of the order of 10°cm™3, which corresponds to a
simple function of time delay or NIR pump intensity. Both plasma energy of-250 meV (or 60 TH2.

B. Magnetoplasma reflection
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cesses, e.g., carrier diffusion and radiative recombination,
which are not explicitly taken into account in our model. The
density evolutiom(t) is then given by
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b) | Low excitation

' 1 T T T T T
10.0} @ i High excitation -

9.0
24

~ o0
5

8.0

122

n(t) t=0, 3

70  C5t+1n(0)

[o)}
-
[ 3]
(=g

where n(0) denotes the initial density of photocreated

£6.0 J\/\
& 5T .
3 m\ 1.8 electron-hole pairs.
INREY el 4T] 16 The scattering rate ! is taken to be a power law func-
4ok {4 tion of the carrier density, with coefficienta, exponents,
' ; 3T and a small fixed offsetr;=0.1ps used to account for
3.0 | 112 density-independent scattering mechanisms
; 2T
2-0'\/;\/ 7] 1.0 Y t)=anf(t)+7 *. (4)
Lo orl % | 1 The dielectric function of a semiconductor after ul-
0.0 P loek s, trashort pulse excitation of a nonequilibrium plasma is given
0 200 40 0 200 400 by
Time Delay (ps) Time Delay (ps) ) (t)2
- p
Eu=8x) Lt ep0) = ———————1. 5)
FIG. 4. Measured photoinduced reflection vs time delay at various fixed olo—ilT(t)]

magnetic fields fofa) high (~4 mJ/cn?) and(b) low (~15 pJ/cnf) NIR

excitations in InSb at 1.5 K. Traces are vertically offset for clarity. Here £.,=15.68 is the dielectric constant for InSb)p

=[4mn(t)e’/me.]¥? is the plasma frequency ni,
=0.014m;). The phonon contributiosy, is calculated as

The low-excitation data aB=0 T, on the other hand, 02— 2
shows a reflectivity drop due to the created carriers, as gph(w)=%7 (6)
shown in Fig. 4b). However, this completely opposite be- wi-o til'e

havior very quickly disappears as we increase the magneti\;;,here fiw =23.6meV for=22.2meV) is the energy of
field from 0 to 1.5 T. A small peak emerges in reflectivity, the longitudinal (transversg optical phonon and I
which grows in intensity with increasing magnetic field, —0.35meV. For a fixed THz photon energjwry
reaches a maximum at3 T, stays roughly constant up to =29.5meV (42um, 7.1 THz), &y~ —0.17—0.005 is thfa
~5T, and finally goes away at higher magnetic field. This_ oiqrial parameter. P

very interesting behavior is explainable in terms of the tun- At 45° incidence, the reflection coefficient, can be
ing of the plasma energy by the magnetic figldyr the in- calculated using a Fr'esnel formula

terplay between the plasma energy and the cyclotron energy,

as discussed in more detail in Sec. IV B. e,,Coq w/4) — \Je ,— Sin?(l4) -
wt)= . 7
&,c08 7l4)+ e, — Sirt(l4)
IV. DISCUSSION In Fig. 5, the reflectivity R=r ¥ for Aoy,
A. Plasma dynamics =29.5meV (ry,= 7.1 THz) is plotted as a function of scat-

. . _tering lifetime, 7, and carrier densityn, obtained through
We developed a theory for the reflectivity of a tranS|entEqS.(5)’ (6), and(7), in the ranges of=10"15—10"!s and

plasma as a function of carrier density), scattering time — 115 1LY ~p—3
L ) n=10%-10%cm 3,
(), and magnetic fieldB). After being created by the NIR The temporal evolution of the normalized photoinduced

laser beam, the carrier population decreases on a picoseco%:hectivity due to transient plasmas is then computed as
time scale. While there are a number of possible decay

mechanisms, the dominant one, especially in narrow gap R(t) AR(t) o (Dr(t)

semiconductors at high densitié@shich is the case for InSb R =1+ R " , 8

in this study, is known as Auger relaxaticff:*1~33In this 0 0 Tu(®)ry(>)

nonradiative decay mechanism, an electron and a hole revhich can be directly compared with experimental data.

combine and the resulting energy is transferred to a thirgHere Ro=r,()r*()~0.198 is the reflectivity in equilib-
carrier. In this decay mechanism, the carrier density derjum.

creases in a characteristic way In Fig. 6 we present our experimental datmanel (a)]
dn along with the fits[panel (b)] obtained using Eq(8). We
a=—C2n2, (2 used the initial rise of the reflectivity, i.eAR(0)/R,, to

determine the initial carrier density, as well as the parameters
whereC,=7.5x10"°cm’/s is a reported Auger coefficient « andgin Eq. (4). The initial density of photocreated carri-
for InSb3! In our analyses we used a modified Auger coef-ersn(0) scales linearly with the pump intensity, as expected.
ficient C5 =«C, in order to account for other decay pro- We also found that most fits result in a value®¥ery close
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FIG. 5. Gray scale image of the reflectivity of a plasma created in InSb as a

function of carrier densityr and scattering timer for a THz probe beam e present the temporal evolution of the carrier dengijy

with a photon enenrgy of »=29.5 meV. and the scattering ratd) calculated using Eqg3) and (4)
using the parameters derived from the fits.

to 1, suggesting the importance of electron-electron
scattering®’ The resulting expression for the scattering rate i
as follows: 1/~2.1x10"%n (cm %) + 1/7; [cf. Eq.(4)]. Us-
ing this expression for all NIR intensities, we then performed ~ When an external magnetic field is applied, E§). is
the time evolution fits assuming the Auger-like decay of themodified, for CR active(+) and inactive(—) polarizations,
carrier populatior{cf. Eq. (3)]. The multiplicative factorx  respectively, into
showed a rather weak, but systematic, decrease frdm to wy(1)?

~7 with increasing NIR intensity. The excellent agreement &, . =g, 1+ ey (w)— - . — , 9)
seen in Fig. 6 makes us believe that the carrier diffusion must wlo*oc—il()]

be completed in less thar 10 ps under our experimental wherew.=eB/m.c is the cyclotron frequency. Correspond-
conditions and its neglect in our model is justified. In Fig. 7ingly, Eq. (7) changes to

€+ COS m/4) — e, » — SiNP(m/4)
rw += - .
) T T T T T T , Sw’iCOS{W/4)+ \/8w’i—Sln2(7T/4)
a

b) - . .
4l NIR Intensity 1.1%] | | ~NIR Intensity 1.1% We then calculate the reflectivitig, for a linearly polarized
\/./‘""""""«M’\/WAV THz beam with frequencw by taking an average between

the CR active and inactive circular polarization states

SB. Magnetoplasma dynamics

(10

* *
N G Y NN o

R= 5 - (11)

This is plotted in Fig. 8 for a THz beam witthw

[ | 11% =29.5meV as a function ob, and w.. Here the value of

. w7 is fixed at 10.7, andiw, =23.6 meV,7iwr=22.2 meV,

andI’=0.35meV are used for E@6). Figure 8 can be used

for qualitatively predicting THz magnetoreflection dynamics

n 100% by treating thew,, axis as the time delajsince w,xn(t)]

and the w; axis as the applied magnetic fieldince w.

1 «B). Most importantly, one can clearly see from this figure

Theory that the instantaneous value of reflectivity of a transient

0 L L L L L L plasma can become larger or smaller than the equilibrium
0 400 800 1200 0 400 800 1200 value in a complicated manner, depending on the instanta-

Experiment

Time Delay (ps) Time Delay (ps) neous values of the carrier density and magnetic field.
FIG. 6. Experimentala) and calculatedb) photoinduced reflectivity of Th.e.tempora'll evolution qf the normalized .phOtomdUCEd
InSb as a function of time delay for selected NIR pump intensities. Traceé’ef_leCt'V'ty for a linearly polarized THz probe with frequency
are vertically offset for clarity. w 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~+® T, satu-
rates, and gradually decreases. This intriguing behavior can
be explained in terms of tuning of the plasma edgédbie.,

the interplay betweew, andw., and is reproduced by our

> o
% "', theoretical calculatiofiFig. b)]. At fields higher than 2 T,
= e the agreement is not very good. We attribute this to the ne-
= ::’3:" glect of Landau quantization in our model, which should
:':.3 s sigr_1ifi<_:antly change carrier relaxation such as phonon
S5 emission.
V. SUMMARY

In summary, we performed picosecond two-colbliiR
and TH2 time-resolved spectroscopy on GaAs and InSh. We
simultaneously monitored the dynamics of THz transmission

FIG. 8. Magnetoplasma reflectivity calculated by E®). for a THz beam and reflection while we varied the strength of the applied

with w=29.5 meV as a function of plasma frequeney,] and cyclotron N .
frequency ;). One can see that the reflectivity can be larger or smallerMagnetic field and the time delay between the NIR and THz

than the equilibrium value in a complicated way, depending on the values opulses. We found that the photoinduced reflectivity dynamics

carrier density and magnetic field. The following parameters are used: gre drastically affected by the magnetic fields. These results

a:nldo(.;),.]th:zs.e meV,fwr=22.2meV, and’=0.35 meV.[cf. Eqs.(6)  gemonstrate the power and usefulness of this FIR technique
for investigating the dynamics of nonequilibrium carriers in
semiconductors at very low energy scales.

R(t) " AR 1y, (Ory (D) +r, (Dry (1)
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