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Generating broadband, free-space terahertz transients by pumping the surface of a semiconductor with femtosecond optical laser 
pulses is a well-established technique, generally called THz surface emission.1 Several radiation models have been proposed 
to explain the THz surface emission such as surface depletion created by the internal electric field perpendicular to the sample 
surface,2–5 nonlinear optical rectification,6,7 and photocurrent generated by the photo-Dember effect.8–10 It was also demonstrated 
that an external magnetic field applied in the plane of a semiconductor can tune the amplitude of the surface-emitted THz 
radiation. The enhancement of the THz amplitude was ascribed to the Lorentz force, induced by the applied magnetic field, which 
introduced an additional acceleration to the photocarriers.11,12 Time-domain, nonequilibrium carrier relaxation dynamics can be 
characterized by an optical pump–probe spectroscopy technique,13 which allows one to further analyze how the Lorentz force 
affects photocarriers and to determine the relationship between the THz transient amplitude enhancement and the semiconductor 
carrier mobility.

For these studies, five different, highly resistive (111)-oriented GaAs samples characterized by different mobilities and crystal-
line conditions were used. Namely, a standard semi-insulating GaAs wafer (SI GaAs), a semi-insulating GaAs wafer annealed 
at 300°C (annealed GaAs), and three nitrogen-ion–implanted GaAs specimens, implanted at an energy of 191 keV with a dose 
of +8 # 1011 ions/cm2 (Refs. 14 and 15), and, subsequently, annealed at 300°C, 350°C, and 400°C, denoted as N-GaAs 300, 
N-GaAs 350, and N-GaAs 400, respectively. 

Experiments were performed using THz time-domain spectroscopy (THz-TDS) and optical femtosecond pump–probe spec-
troscopy (F-PPS). In both cases, a commercial Ti:sapphire laser that generated a train of nominal, 100-fs-wide laser pulses at 
800-nm wavelength and 76-MHz repetition rate was used. In the THz-TDS setup,16 the laser beam was split into two branches 
with a 90:10 power ratio. The high-power branch, after bouncing from a retroreflector mounted on a delay stage, was focused 
on our test GaAs sample to generate bursts of electromagnetic radiation, i.e., single-picosecond transients with the frequency 
spectrum extending into THz, while the low-power branch was used for the THz transient detection and focused on a commercial 
low-temperature–grown GaAs photoconductive (PC) THz detector with z-axis polarization sensitivity (perpendicular to the opti-
cal table).17 A 5-mm-diam and +10-mm-focal-length Teflon™ (polytetrafluoroethylene) lens, located between the test sample and 
the THz detector, collimated the transmitted THz radiation. In addition, an external magnetic field B was applied in the sample 
plane along the x axis, while the surface-emitted THz radiation was collected along the y direction, as indicated in Fig. 1. The 
F-PPS system was implemented to measure the nonequilibrium carrier dynamics in the samples. In this setup18,19 optical pulses 
were split into two beams by a 60/40 beam splitter. Pump pulses had the higher power, and the beam was modulated with an 
acousto-optic modulator. The lower-power probe beam was delayed with respect to the pump by reflection from a retroreflector 
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mounted on a delay stage. Both pump and probe beams were focused on the same spot of the sample; the beam size of the probe 
(+20 nm in diameter) was kept slightly smaller than that of the pump beam (+30 nm in diameter) to ensure probing only the 
optically excited area of the sample. To limit the probe-related electron heating to a minimum and to ensure a decent signal-to-
noise ratio, the power ratio of the pump to probe beams was set to +10:1. The probe beam was reflected at the sample surface and 
directed toward a photodetector connected to a lock-in amplifier to record the normalized reflectivity change (DR/R) waveforms 
as a function of the time delay between the pump and probe pulses.

Figure 2 shows the dependence k = (q/m*)x1, where q is the elementary charge, m* is the electron effective mass, and x1 is 
the relaxation time, for all five types of GaAs samples (black circles) and reveals a universal linear relationship (black solid line). 
This indicates that x1, derived based on the Drude model, is the trapping time for the samples. During this time, the Lorentz 
force accelerates electrons before they get trapped by defect states. Therefore, a high density of defects/traps in a semiconductor, 
e.g., in case of the N-GaAs samples, leads to a shorter carrier lifetime, which, in turn, limits the impact of the magnetic field on 
the THz transient.

The next important conclusion from Fig. 2 is that within the linear fit, the effective mass m* = q/(k/x1) for all samples is exactly 
the same and the extracted value is m*/m0 = 0.059 (m0 is the electron mass), which is close to the accepted value of 0.063 for 
GaAs single crystals,20 and illustrated by the dashed line corresponding to the k dependence for m*/m0 = 0.063. The latter is an 
interesting result and shows that despite the large differences in the crystallinity of the test samples, the effective mass derived 
from our magnetic-field experiments remains constant and very close to the effective mass of electrons in GaAs with a perfect 
crystalline structure. The only deviation from the ideal m* value observed was for the annealed GaAs sample. Contrary to the 
other samples, the clear distinction between trapping and recombination processes is somewhat difficult to establish.

In conclusion, we exhaustively analyzed the transient emission of THz signals, emitted from highly resistive GaAs samples 
with different crystallinity, excited by femtosecond optical pulses. The observed magnetic field impacted the THz transient 
generation, and the corresponding enhancement factor was directly proportional to the applied B field. Interestingly, the slope 
of the enhancement factor dependence was directly proportional to the samples’ nonequilibrium trapping time measured using 
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Figure 1
Schematics of the basic experimental geometry. The surface of the sample is parallel to the x–z plane. The built-in depletion electric field ED is along the y axis 
and perpendicular to the sample surface. A lens is used to focus a laser beam at the surface of the sample, and a Teflon lens placed after the sample collimates 
the emitted THz radiation toward a PC THz detector aligned in such a way that it can only sense the z component of the THz transient. An external magnetic 
field applied along the x axis was used in the B-field enhancement experiments.
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Figure 2
Dependence of the slope k on the trapping time x1. 
The circles are experimental data, and the black line 
is the best linear fit yielding m*/m0 = 0.059. The 
dashed line corresponds to the k dependence for the 
literature m*/m0 = 0.063. 

femtosecond optical pump–probe spectroscopy. The latter enabled the determination of the electron effective mass m*/m0 = 0.059 
that was very close to the literature m* value for GaAs single crystals. The latter reveals that GaAs samples with very different 
crystallinity, including highly defected, N-implanted samples, all have an m* value essentially equal to that of the ideal crystal.
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