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Picosecond time-resolved cyclotron resonance in semiconductors
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A promising method for studying intraband carrier dynamics in semiconductors is monitoring the
evolution of far-infrared(FIR) absorption induced by photoexcited carriers. By monitoring the
photoinduced FIR absorption as a function of magnetic field, we performed time-resolved cyclotron
resonance of photocreated electrons in InSb with picosecond resolutiorl99@ American
Institute of Physics.S0003-695(99)04234-3

Understanding the nonequilibrium carrier dynamics inof the effective mass, carrier density, and scattering time of
semiconductors is of great technological and scientific im-the photocreated nonequilibrium carriers in the presence of a
portance. One means of studying such dynamics is by usingiagnetic field.
intense ultrashort pulses of light with photon energies greater The experimental setup for the two-color TRCR spec-
than the band gap to create nonequilibrium electron—hole@oscopy is illustrated schematically in Fig. 1. We use a fem-
pairs. The nonequilibrium carriers with excess energies relaxosecond mode-locked NIR Ti:sapphire laser synchronized
toward the band edge through various scattering processé® within a few p3’ with the Stanford Picosecond free elec-
before eventually recombining to cause luminescéritean-  tron laser(FEL) as a source of synchronized NIR and FIR
mediately follows that interband photoluminescence spectaser pulses. The NIR\~800 nnj laser source is a Spectra
troscopy is unable to provide direct information on intrabandphysics Tsunami Ti:sapphire laser seeding a Positive Light
carrier relaxation dynamics; it is only sensitive to radiativespitﬁre regenerative amplifier, which generatef00 fs
(or “bright” ) electron—hole pairs with center-of-mass mo- pulses with pulse energies as high as 1 mJ. The FIR source is
mentum K =Kppoot~0, with the obvious exception of the Stanford picosecond FEL, which produces pulses with
phonon-assisted processes WhEre Kpnoort Kpnonon > ON wavelengths extending through the midinfrar@t-15 wm)
the other hand, intraband far-infrardIR) spectroscopy and FIR(15-60um). These pulses have durations ranging
obeys its own set of selection rules, independent of whethegom 600 fs to 2 ps, and energies as high-asuJ. The NIR
or not the states involved are interband active, thus providingeam is directed through a delay stage to allow fine adjust-
a rare opportunity to directly probe these “dark” states. A ment of the time delay between the NIR and FIR pulses. The
wide variety of vertical AK~0) intraband transitions are N|R beam is then spatially overlapped and made collinear
allowed, e.g., inter-Landau level transitiofeyclotron reso-  \ith the FIR beam using a Si Brewster plate before both
nancg. Since cyclotron resonand€R) is a powerful FIR  peams are focused onto the sample using a parabolic mirror.
spectroscopic method for investigating the dynamical conany FIR photoinduced absorption in the Si Brewster plate
ductivity of carriers in solid$;® performing time-resolved  \yas made negligible by enlarging the incident NIR spot size
CR (TRCR) should provide very useful information about incident on the Si plate. The InSb sample studied is undoped,
the relaxation dynamics of semiconductors in the presence Qfjh a residual electron density ef5x 104 cm™3 and a 77
a magnetic field. K electron mobility of ~2Xx10° cn?/V's. The sample is

In this letter, we report the use of picosecond TRCR 0fyeqged ~3° (to avoid multiple-reflection interference ef-

photocreated nonequilibrium carriers in InSb using two-color
[near-infrared(NIR) and FIR| laser spectroscopy. The NIR
Detector

pulses are used to create a nonequilibrium distribution of f
carriers in a semiconductor sample. The subsequent dynam- _F_"_‘_P_fgl:f :
ics are studied by monitoring the CR by using FIR absorp- [Sample]
tion as a function of time delay between the NIR and FIR
pulses. InSb was chosen as the test sample for the picosec-
ond TRCR technique for the following reasoii$) InSb has

very small carrier effective masses which allows us to per-
form electron TRCR measurements in the magnetic field and
FIR wavelength ranges available to us, d@i the Landau
level structure of InSb has been well studfe@ihe TRCR
experiment allows us to directly monitor the time evolution

Si Beam Combiner

NIR pump

FIG. 1. Schematic diagram of the experimental setup for picosecond time-
¥Electronic mail: kono@stanford.edu resolved photoinduced FIR absorption and cyclotron resonance.
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FIG. 2. Picosecond time-resolved CR of photocreated nonequilibrium elec- g 10 .
trons in InSh. The magnetic field is scanned at fixed time delays. ®
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fects and polished to~150 um. The sample is placed in an
Oxford Instruments Spectromag 4000 superconducting mag- Time Delay (psec)
net with sapphire cold windows and polypropylene room ®)
temperature windows. The magnet produces a uniform mag-
netic field of up o 9T parallel to the optical path The FIG. 3. (a) Electron mass an(b) collision time extracted from the cyclotron
transmitted FIR pulse is then recollimated and directed to &esonance peak position and width as a function of time delay. The lines are
Ge:Ga photoconductive detector. The FIR output of the FEI_guIOIeS to the eye.
consists of 10 Hz macropulsdsp to 5 ms in duration
These macropulses each contain many ps duration mi- tures. First, there is no well-defined resonance at the smallest
cropulses separated by 84.6 ns. The Ti:sapphire laser is symeasured time scale. In this time regit@efew picoseconds
chronized with the(10 H2 macropulse output of the FEL, after the creation of a high density of nonequilibrium free
allowing only one NIR pulse for every FIR macropulse carrierg, the carrier scattering rate is high enough to broaden
(~60 000 micropulses This arrangement allows us to com- the CR peak until it is completely obscurécke., the mean
pare the intensity of transmitted FIR probe pulse before antime between collisiong, is smaller than ;). The ob-
after the NIR pump pulse. Micropulse to micropulse energyserved TRCR linewidths are much larger than the transform
fluctuations are factored out using a FIR reference detectdimited spectral width of the picosecond FIR pulse, which, at
before the sampléot shown in Fig. 1L The experiments are 3.6 meV, corresponds to a CR linewidth of oni0.6 T in
performed by either keeping the magnetic field fixed andnSbh. Second, the CR peak position moves toward higher
monitoring the photoinduced absorptidRIA) of the FIR  magnetic fields as a function of time delay. This is indicative
pulse as a function of time delay, or the time delay remain®f an electron effective mass thiacreasesas a function of
fixed and the PIA is monitored as a function of magnetictime, which is opposite to the behavior expected due to the
field. Using a combination of the optical delay stage andstrong nonparabolicity of the InSb conduction band. The ef-
electronic delays in the synchronization, we are able to sefective masses of carriers in the InSb conduction band in-
lectively attain delays from 0O to 84.6 ns with a resolution of crease with increasing energy. With 800 rilase) excita-
a few picosecondfimited by timing jitter). tion, the initially excited carriers are well above the band
Figure 2 shows TRCR data obtained at a variety of fixededge. Therefore, one would expect that as the carriers re-
time delays. Figure 3 shows the effective mass of the eledaxed toward the band edge, their effective mass should de-
tron[Fig. 3(@] and the scattering timfg=ig. 3(b)] as a func- crease, thereby shifting the CR peak toward lower magnetic
tion of time delay extracted from the peak position and thefields. The behavior displayed in the data is clearly opposed
width of the cyclotron resonance pedkig. 2), using a to these assertions, and requires further explanation.
simple Lorentzian fit to the peak. This is the first observation =~ We believe that the electron effective mass behavior
of picosecond TRCRonly microsecond time resolution has may be explained by the carrier—carrier interaction which

been achieved to ddbe and it displays two interesting fea- leads to band gap renormalization. Although Kohn's
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theoreni states that the carrier interactions should have n&CR spectrum over time scales much shorter than the inter-

effect on the resonance peak in equilibrium CR, we havérand electron—hole recombination tirfiee time scale avail-

created a highly nonequilibrium state for which this may notable through PL studi¢sThe results demonstrate that this

apply. More specifically, Kohn’s theorem breaks down whennew type of spectroscopy is a promising tool for the study of

two species of carriers with different masgssich as elec- intraband carrier dynamics.

trons and holesare present.It is well known'® that, when _ _
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tion with a simple two-band modé&t! we can calculate the
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