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ABSTRACT   

Several applications of terahertz radiation pulses for characterizing semiconductor bulk materials and structures are 
described. Terahertz pulses emitted at the surfaces illuminated by femtosecond laser of a tunable wavelength are 
demonstrated to provide information on the electron energy spectrum in the conduction band as well as on the subsurface 
band bending.  On the other hand, by sampling the conductivity of various structures with short electrical field transient  
photoexcited electron dynamics can be directly studied at its initial, subpicosecond time scale. Narrow gap 
semiconductors InSb and InAs as well as novel materials such as GaAsBi or self-assembled InAs quantum dots were 
characterized by using terahertz radiation pulses. 

Keywords: terahertz pulses, tunable femtosecond laser, narrow gap semiconductors, intervalley energy separation, 
GaAsBi. 
 

1. INTRODUCTION  
The terahertz (THz) frequency range covering electromagnetic spectrum from 100 GHz to 10 THz is bridging the gap 
between the microwaves and infrared radiation. Due to the complexity, cost, and limited frequencies of operation 
traditional THz radiation sources: molecular gas or free-electron lasers, this frequency range was difficult to access and 
to use it for the investigation of materials characteristics. The situation has radically changed since the introduction of 
THz Time-Domain-Spectroscopy (TDS) systems based on femtosecond laser pulses and ultrafast photoconductors 
manufactured from semiconductors with subpicosecond carrier lifetimes [1]. Half-cycle electrical pulses with the 
wavelengths in far-infrared (THz pulses) used in these optoelectronic systems provided unprecedented insights into the 
nature of electron dynamics in semiconductors, vibrations of organic molecules, protein kinetics, etc., [2-3].  

The study of light–semiconductor interaction at terahertz frequencies by using TDS techniques has a 30 year long 
history. It started with the measurements of the absorption and index of refraction of silicon and GaAs from low 
frequencies to 4 THz [4]. Such THz-TDS measurements became a standard experimental technique since then and were 
applied on a large number of various materials. Complex conductivity spectral dependences measured by this technique 
are typically changing monotonously and are well described by a classical Drude model, except for spectral ranges close 
to the characteristic frequencies of the material. In narrow bandgap semiconductors like InSb several of such frequencies 
are located in 1 to 3 THz region; therefore the complex conductivity spectra are more complicated. In [5] THz – TDS 
measurements of InSb were performed both in the transmission in the reflection mode. In the first case, a disappearance 
of THz absorption at high frequencies was observed and used for determining the temperature dependence of the electron 
momentum scattering time of the material. In the second case, THz reflection spectra had deep minima from which 
position the plasma frequency at different temperatures was evaluated. 

Another popular application of THz pulses in characterizing semiconductor materials is the optical pump – THz probe 
experiment first proposed in [6]. In this experiment the conductivity induced by the excitation of semiconductor with a 
part of the laser pulse was monitored in a noncontact fashion through absorption of THz pulses of several hundred 
femtosecond duration; it allows measuring dynamics of both the electron mobility and their density on a sub-picosecond 
time scale. Optical pump – THz probe technique soon became one of the most important methods of investigating 
ultrafast carrier dynamics in semiconductors. Electron lifetimes shorter than 1 ps were determined from the falling part 
of the optically induced THz absorption transient of low-temperature grown GaAs (LTG GaAs), whereas the rising part 
of this transient was shown to contain information on the electron transitions to higher lying subsidiary valeys of the 
conduction band of that semiconductor [7]. Electron intervalley scattering time in germanium crystal was measured by 
this technique in [8], whereas in [9] long induced THz absorption rising times in narrow-gap CdHgTe and InGaAs 
epitaxial layers were used for determining hot-electron energy relaxation times in these materials. 
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THz pulses are also radiated from the unbiased semiconductor surfaces excited by femtosecond laser pulses [10]. Several 
different physical mechanisms contribute to this surface THz pulse emission; therefore, characteristics of this effect can 
contain unique information on the radiating semiconductor properties. It has been demonstrated, e.g., that dependencies 
of radiated THz pulse amplitude on femtosecond laser wavelength can be used for a direct determination of intervalley 
energy separation in the conduction band of semiconductor [11]. In this article we will review the results of several 
experiments based on the use of a tunable femtosecond laser source. Besides of surface terahertz emission from various 
semiconductors excited by variable wavelength laser pulses, picosecond photoresponse spectra measured in 
photoconductive THz detectors manufactured from different materials, and photoconductive THz emitter excitation 
spectra will be presented.  

2. EXPERIMENTAL SET-UP 
Figure 1 shows the experimental set-up for the THz excitation spectral investigation. It is based on an amplified 
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser system (PHAROS, Light Conversion Ltd.) operating 
at 1030 nm with the pulse duration of 160 fs and the pulse repetition rate of 200 kHz. Average power of 6 W from this 
laser was directed into a cavity-tuned optical parametric oscillator (OPO; ORPHEUS, Light Conversion, Ltd.) that 
generated 140-160 fs duration pulses with a central wavelength tunable from 640 nm to 2600 nm. In the THz-TDS 
arrangement activated by this laser system, the investigated surface emitters were excited by the output beam from OPO, 
whereas radiated THz signals were detected in a photoconductive antenna manufactured from GaAsBi epitaxial layer 
[12] and illuminated by a small part (~5 mW) of the Yb:KGW laser beam delayed by different times with respect to the 
optical beam activating THz emitter. The shape of radiated THz pulses was determined by measuring the photocurrent 
induced at different time delays in the detector with a lock-in amplifier. Spectral widths of the measured THz pulses and 
their S/N ratios are comparable with characteristics of TDS systems activated by high repetition rate femtosecond 
oscillators and significantly exceed the results obtained when an amplified Ti:sapphire laser system and OPO working at  
a low pulse repetition frequency of 1 kHz was used [11]. 

 
Figure 1. Experimental setup of THz excitation spectroscopy. 

In another set of the experiments, when measuring spectral photoresponse of ultrafast photoconducting antennas, 
variable wavelength femtosecond pulses from OPO were illuminating the photoconductor, whereas THz pulses that were 
sampling its conductivity were generated by p-type InAs crystal surface excited by a part of the Yb:KGW laser beam 
[13]. All measurements were performed at room temperature. 
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3. SURFACE THZ EXCITATION SPECTROSCOPY 
3.1 Mechanisms of THz pulse emission from semiconductor surfaces  

There are several physical mechanisms leading to the generation of THz radiation pulses at semiconductor surfaces 
illuminated by femtosecond laser pulses, but their importance and frequency of occurrence are different. To relatively 
wideband semiconductors, like GaAs that have significant band bending at their surfaces typical is so called current 
surge effect when THz transient is generated during ultrafast photoexcited electron and hole separation by the built-in 
surface electric field. In narrow-gap semiconductors that are known as most efficient THz radiation sources two physical 
mechanisms are prevailing: i) dynamic polarization caused by spatial separation of electrons and holes moving away 
from the surface at different velocities and ii) nonlinear optical rectification induced by the electric field that appears due 
to this separation [14].  

The spatial separation of photoexcited carriers is reinforced by the effect of optical carrier orientation that is present in 
semiconductor crystals with zinc-blend type lattice. In such a crystal, the electrons excited from the heavy-hole valence 
band have their initial moments prevalently oriented along the direction of the refracted optical beam (see the inset to 
Fig.2) [14]. In narrow-gap InSb and InAs group velocity of electrons excited at large enough excess energy is saturated 
at values of approximately 108 cm/s, thus during their momentum relaxation time (200 to 400 fs at room temperature) the 
electrons can move away from their excitation points as far as ~0.5 μm. On the other hand, the holes that have larger 
effective masses and much smaller excess energies are moving slower and are losing their momentum more intensively, 
thus remaining located close to their excitation region. 

 
Figure 2. Photoexcited electron optical absorption length (dashed line, [16]) and quasi-ballistic electron propagation length 

(solid line) dependences for InSb at room temperature. 

 

Electric field induced by the spatial carrier separation will reach its maximum, when the electrons will propagate to a 
distance larger than the thickness of the photoexcited region at the semiconductor surface. Let us assume this thickness to 
be equal to the light penetration length - α/1 , where α is the optical absorption coefficient of the material. Thus the 
condition for the photoexcited electron excess energy exε sufficient for the generation of THz pulse will be 

 ( ) ατε /1>exv , (1) 

where ( )exv ε is the electron group velocity and τ is its momentum relaxation time. In a Kane band structure model that 
is typical for narrow-gap III-V semiconductors the dispersion relation for the conduction band is written as 
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with the electron effective mass at the conduction band edge nm and the non-parabolicity factor β . Electron group 
velocity in this band can be expressed as 
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Fig. 2 compares the distance of quasi-ballistic electron propagation and α/1 for different photoexcited electron excess 
energies in the conduction band. Parameters of InSb taken from [15] and optical absorption spectrum of this material 
measured in [16] were used for calculation. As it seen from this Figure, for THz pulse to be generated the laser shall 
excite electrons in InSb with an excess energy larger than 0.35 eV – a value twice as much as the energy gap of this 
material at room temperature. Analysis of the results presented of Fig. 2 also implies that spectral dependencies of THz 
emission should be affected both by the reduction of the absorption length with increasing photon energy and by the 
increase of the excited electron velocity. 

3.2 InAs 

Figure 3 presents the dependence of THz pulse amplitude generated by p-type InAs on the laser quantum energy. Clear 
maximum at ≈νh 1.64 eV is present on this dependence; its origin is related to the onset of electron scattering to the 
subsidiary conduction band valleys at L points of the Brillouin zone, which substantially impairs the quasiballistic 
electron propagation and charge separation at the surface. Intervalley energy separation that can be determined from the 
value of the electron excess energy corresponding to spectral position of the maximum, accounting for the intervalley 
phonon energy in InAs ( 027.0=ωh eV) and for the nonparabolicity of conduction band, is equal to =Δ ΓLε 1.06 eV 
and is similar to the value obtained before in [11]. 

 
Figure 3. THz excitation spectrum of p-InAs. Discontinuity near 1.2 eV could appear due to small experimental setup 

rearrangement when changing from signal to idler wave. 

 

p-InAs is much better THz emitter than n-type crystals, especially at low photon energies. Differences in the 
performance of differently doped InAs crystals were explained in [14] in terms of surface inversion layer that is present 
in p-doped InAs crystal and creates a strong built-in electric field at its surface. The polarity of this field is the same as 
that of the electric field induced by the photoexcited carrier separation, which leads to an increase in optical nonlinearity 
causing the electric-field-induced optical rectification (EFIOR) effect. THz pulse generation in p-type material starts at 
lower electron excess energies than in the case of n-type InAs, because EFIOR effect in the built-in surface field leads to 

Proc. of SPIE Vol. 8496  84960V-4

Downloaded From: http://www.spiedl.org/ on 10/23/2012 Terms of Use: http://spiedl.org/terms



1,0 o
-, o 0
cß

0,8

o
o 8

0

0
C O n 00

o
0- 0.4

ovo 00000000

NI
H

v,G
0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8

Photon energy, eV

 

 

this generation even before separating carriers induce a strong enough dynamic polarization. One has to point out that 
these observations cannot be explained in terms of physical mechanisms solely related to the photocurrent dynamics at 
the crystal surface. Current surge in the surface field of p-type InAs should result in THz pulse with a polarity opposite to 
that of the pulse generated during the photo-Dember effect. No such change in the radiated THz pulse polarity was 
observed in our experiments. This allows us to conclude that non-linear optical rectification due to EFIOR effect induced 
by sum action of the surface field and dynamic field cause by photoexcited electron and hole separation is the main 
mechanism responsible for THz pulse emission from InAs surfaces 

3.3 InSb 

Energy bandgap gε  of InSb is about two times narrower than that of InAs, therefore laser quanta excite electrons with a 
larger excess energy, which could facilitate carrier separation and more intense THz pulse generation from that material. 
However, a narrow gε results also in a higher level of the conduction band non-parabolicity, so the electron group 
velocity in InSb starts to saturate earlier than in semiconductors with wider bandgaps. Moreover, intervalley energy 
separation in the conduction band of InSb is also twice as small as that of InAs leading to the disturbance of photoexcited 
electron quasi-ballistic propagation at smaller excess energies and longer laser wavelengths. Both those factors 
significantly limit the efficiency of THz pulse generation at InSb surface. Nevertheless, InSb is still rather efficient THz 
emitter when excited with femtosecond laser pulses at wavelengths from the technologically important 1.5 μm range. 

 
Figure 4. THz excitation spectra of InSb at room temperature. 

 

The dependence of the radiated THz pulse amplitude on the photon energy measured at room temperature on (111) 
surface of intrinsic InSb is presented on Fig. 4. THz pulse generation sets-on when the photon energies become larger 
than ~0.3 eV, in accordance with the estimation of this threshold presented in Section 3.1. The shape of the THz 
excitation spectrum of InSb is more complicated than in the case of InAs. Besides the maximum at =νh 0.88 eV 
corresponding to the case when the excess energy of electrons excited from the heavy-hole band is sufficient for electron 
transfer into subsidiary, large effective mass L valleys ( =Δ ΓLε 0.53 eV [11]), there is a second maximum at photon 
energies of ~ 1.3 eV.  Its possible origin could be connected with the inter-valley scattering of electrons excited from the 
light-hole valence band. 

3.4 GaAs 

GaAs has a rather wide energy bandgap of 1.42 eV, thus Ti:sapphire laser excites electrons with relatively low excess 
energy, and the prevailing THz pulse generation mechanism at its wavelength is current surge in the surface electric 
field. However at shorter laser wavelengths the electron and hole separation due to their different movement from their 
excitation point can also contribute to the THz signal [18]. Fig. 5 shows the spectral dependence of THz pulse amplitude 
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radiated from the surface of semi-insulating GaAs. As it seen from this Figure, THz emission is present even at the 
smallest absorbed photon energies. When electron excess energy is small, THz pulses are mainly generated due to built-
in surface electric field. Increase of the photon energy leads to larger electron excess energies and carrier separation is 
enhanced due to optical carrier orientation (the effect described above). Thus the initial part of measured spectral 
dependence evidences that both photocurrent surge related effects are resulting in generation of THz pulses of the same 
polarity, which means that energy bands at the surface of investigated semi-insulating GaAs crystal are bended upwards. 

 
Figure 5. THz excitation spectrum of GaAs. 

 

3.5 Heterostructure band off-sets. 

As it was shown in previous Sections, amplitude of THz pulse emitted at femtosecond laser excited surface can strongly 
affected by electric field that is present below it. Because photoexcited electrons can move quasi-ballisticaly for 
distances of several hundreds of nanometers, their movement – and the amplitude of the radiated THz field caused by it – 
will be affected by any subsurface energy barriers lying at that depth.  

 
Figure 6. THz excitation spectra of two epitaxial structures with a top GaAsBi layer. See text for description. 

Femtosecond laser pulse is injecting into the semiconductor nearly monoenergetic electrons, half of which are moving 
into the crystal and, as long as they are not emitted optical phonons, do not lose energy. When these electrons propagate 
to the distance larger than the optical absorption length, they become separated from photoexcited holes, and THz pulse 
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is emitted. No THz pulse will be generated if this electron movement is stopped at the energy barrier. Such barriers are, 
e.g., present at an interface between a narrow gap material layer at the surface and a wide gap semiconductor deeper in 
the bulk. Therefore, THz excitation spectroscopy can be used for detecting such barriers and for measuring their height.   

Figure 6 shows results of the experiment in which THz excitation spectra of two MBE-grown epitaxial structures with 
GaAs1-xBix layer at the surface were measured. Both dilute bismide layers had approximatelly the same composition 
(x=0.05), but one of them (sample GaBi37) was 1.5 μm thick, whereas thickness of the other (sample B174) was only 
100 nm.  THz excitation spectra of both samples are completely different. Spectrum of the thick layer shows typical 
features including the maximum caused by the onset of intervalley scattering.  On the other hand, significant THz 
radiation at the surface of the structure containing thin bismide layer is not observed until laser photon energies reach 
~1.5 eV. One has to point out that this particular epitaxial structure is not optimized for heterostructure band off-set 
determination. Bismide layer in this structure is grown on p-doped GaAs buffer, therefore valence bands in GaAs and 
typically p-type conduction GaAsBi layers are lined up and the barrier at the interface between two materials is simply 
equal to their bandgap difference. However, this experiment evidences the sensitivity of THz excitation spectroscopy to 
subsurface energy band structure. 

. 

4. PICOSECOND PHOTOCONDUCTIVITY IN SEMICONDUCTORS 
4.1 GaAsBi  

Majority of THz-TDS systems used nowadays are based on the femtosecond Ti:sapphire laser and photoconductive 
emitters and detectors manufactured from low-temperature-grown (LTG) GaAs. Ideally, a bulky Ti:sapphire laser system 
should be replaced by more compact fiber lasers emitting in the 1 µm or 1.55 µm wavelength range. This transition is 
delayed due to continuing search for suitable semiconductor materials which should have a set of LTG GaAs like 
characteristics: high dark resistivity, considerable electron mobility, and a carrier lifetime shorter than 1 ps, but suitably 
small compared with LTG GaAs energy bandgap for photoexcitation with infra-red quanta. Laser excited narrow-gap 
semiconductor surfaces can be efficient enough THz emitters at infra-red wavelengths; the main challenge is to find a 
material for manufacturing THz detectors sensitive in that spectral range. We have demonstrated previously that 
photoconductors made on LTG GaAsBi layers can be efficient THz radiation detectors activated with femtosecond 1 µm 
wavelength laser pulses [12]. In [13] picosecond photoresponse of these devices is measured at longer wavelengths. 
Tunable wavelength femtosecond optical pulses from optical-parametric-oscillator were used for activating THz 
detector, whereas the measured THz transients were generated by p-type InAs surface emitter illuminated by 1030 nm, 
150 fs pulses from Yb:KGW laser. Figure 7 presents the results of this experiment that evidence a significant response to 
THz electric field even when GaAsBi detector was activated by 1.8 μm wavelength pulses.  
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Figure 7. GaAsBi detector sensitivity dependence on the photoexcitation wavelength. Sensitivity of two devices 

manufactured from different epitaxial layers was estimated as a peak to peak value of the measured THz electric field 
transients [13]. 

4.2 LTG GaAs and LTG InGaAs 

Similar experiments were also performed on ultrafast photoconductive dipole antennas manufactured on GaAs and 
InGaAs epitaxial layers grown by MBE at low (~250oC) substrate temperatures and annealed at moderate (≤450oC) 
temperature. As-grown and moderately annealed these materials contain a large number of As-antisite defects, and 
optically activated electron transitions from these defect to the conduction band can cause their photosensitivity at longer 
than the fundamental absorption edge wavelengths [18].  

 
Figure 8. Spectral dependences of picosecond photoconductivity of two LTG GaAs (full and empty circles) and a LTG 
InGaAs (full triangles) samples. InGaAs and one of the GaAs samples were thermally treated only during their contact 

anneal at 380oC, another GaAs (empty circles) was annealed at 420oC. 

Fig. 8 present spectra of the sensitivity to THz radiation pulses generated by p-type InAs emitter measured on three 
detectors manufactured from moderately annealed LTG GaAs and LTG In0.3Ga0.7As. Significant signals at photon 
energies smaller than energy bandgap of the material (1.42 eV for GaAs and 1 eV for InGaAs) were observed in all 
cases. In the case of GaAs, the defect photoconductivity band is clearly separated from the spectral part caused by 
valence-to-conduction band transitions, whereas for InGaAs it presents a long-wavelength tail of the photoconductivity 
spectrum. Energy position of the defect band was found to be equal to 0.6 eV and 0.8 eV below the conduction band 
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minimum in InGaAs and GaAs, respectively. All dependences have a peak at ~1.8 eV due to the onset of intervalley 
scattering of the electrons; the reduction of the defect band related photoconductivity is, most probably, also originating 
from this effect. 

4.3 InAs quantum dot samples  

Understanding of ultrafast carrier dynamics in semiconductor quantum dots (QDs) is key to further improvement of 
operating performance of various QD-based optoelectronic devices: lasers, IR-detectors, optical modulators. It has been 
shown recently that QD-based photoconductive devices can be used for THz generation, too [19]. Here we will present 
the first results of QD-structure investigation by using THz radiation pulses.  

The samples investigated contained 40 layers of self-assembled InAs QDs in InGaAs quantum wells, separated by 35 nm 
thick GaAs spacer layers. THz detectors with dipole antennas having 15 μm wide photoconductive gap were made on the 
surface of the samples for spectral sensitivity measurements. THz excitation and picosecond photoconductivity spectra 
measured on these samples by using techniques described above are shown on Figure 9 together with the 
photoluminescence spectrum of the QD structure. As it seen from this Figure, both surface THz emission and picosecond 
photoconductivity have distinct maxima in the vicinity of the peaks in photoluminescence (PL) spectrum related to QD 
ground and first excited state transitions (PL peak at 0.98 eV is due to transitions in quantum wells). THz emission 
maxima show a rather large blue-shift, whereas, in contrast with the cw-photocurrent measurements [20], only very small 
Stokes shift is observed on the picosecond photoconductivity spectrum. Detailed description of this investigation will be 
published elsewhere. 

 
Figure 9. Spectral dependences of picosecond photoconductivity (PC), photoluminesce (PL) and surface THz emission 

(THz) for a sample with multiple layers of self-assembled InAs quantum dots. 

5. SUMMARY 
In summary, investigation of semiconductors with THz radiation pulses – a technique that combines spectral 
measurement with high temporal resolution of the experiment – is a new research tool giving unique information on 
various characteristics of the materials. Surface THz excitation spectra as well as picosecond photoconductivity spectral 
dependences were measured on several bulk semiconductors and semiconductor structures. It has been demonstrated that 
such measurements provide information on both the electron energy band structure details as well as on the ultrafast 
dynamics of current carriers. 
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