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Abstract: Two-dimensional spectroscopy is performed on a terahertz (THz) frequency 

quantum cascade laser (QCL) with two broadband THz pulses. Gain switching is used to 

amplify the first THz pulse and the second THz pulse is used to probe the system. Fourier 

transforms are taken with respect to the delay time between the two THz pulses and the 

sampling time of the THz probe pulse. The two-dimensional spectrum consists of three peaks 

at (ωτ = 0, ωt = ω0), (ωτ = ω0, ωt = ω0), and (ωτ = 2ω0, ωt = ω0) where ω0 denotes the lasing 

frequency. The peak at ωτ = 0 represents the response of the probe to the zero-frequency 

(rectified) component of the instantaneous intensity and can be used to measure the gain 

recovery. 

© 2017 Optical Society of America 
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1. Introduction 

Two-dimensional spectroscopy can be used to study the coherent coupling between molecular 

levels [1,2]. In solid-state physics, it has been applied to the study of excitons in quantum 

wells [3,4]. Besides coupling between levels, two-dimensional spectroscopy can also be used 

to study various pump-probe induced non-linear phenomena such as incoherent decay of 

excited states or coherent decay via four-wave mixing signals. The direct generation of 

multiple harmonics and multiple quantum coherences have been observed at terahertz 

frequencies in a wide variety of material systems ranging from a two-dimensional electron 

gas in quantum wells [5,6] to antiferromagnets like YFeO3 [7]. Although a single two-

dimensional spectrum does not contain any time information [8], a temporal series of 

consecutive two-dimensional spectra can be used to obtain information on the dynamics of a 

system [9,10]. 

THz time-resolved measurements on QCLs can be used to investigate QCL dynamics, 

which occur on sub-nanosecond time scales, and the lifetimes of intersubband levels, which 

are on the order of picoseconds. The dynamics of QCLs are of interest since these lasers can 

be modulated at high frequencies [11], actively mode-locked at both mid-infrared [12] and 

terahertz [13,14] frequencies, and used to generate ultra-short pulses [15,16]. As a 

consequence, pump-probe measurements have been used to obtain information on the gain 

recovery time and intersubband lifetimes in both mid-infrared [17,18] and THz [19,20] QCLs. 

Pump-probe measurements have also been used to explore the dynamics of the injector or 

upper-state lifetimes in mid-infrared QCLs [21]. If the pump and probe beams are coherent, 

information on the injector and upper state lifetimes can be obtained by taking a two-

dimensional scan along two independent time-axis [22], thus allowing the ultrafast coherent 

transfer of electrons between the injector and upper laser state to be measured in mid-infrared 

QCLs [21,22].  

In this work, we perform coherent collinear two-dimensional THz pump-probe 

measurements on a THz QCL. A weak THz seed pulse is injected into the laser cavity, which 

then experiences a large amplification when the QCL is gain switched with a nanosecond bias 

pulse. After amplification, the seed pulse becomes an effective pump pulse, which is followed 

by a second THz probe pulse that is injected into the laser cavity. By using gain switching we 

eliminate the need to directly generate a strong pump field as required in previous works 

[5,6,7]. 

In contrast to conventional pump-probe spectroscopy schemes, the phase between the THz 

seed pulse and the probe is fixed and the electric field of the probe pulse is measured directly 

in time via free space electro-optic sampling. This allows us to perform a two-dimensional 

scan in time, which can then be Fourier-transformed along both dimensions to obtain a 2D 

spectrum. Furthermore, the dynamics of the peaks in the 2D spectra are explored by 

examining a series of low-resolution 2D spectra with a temporal spacing of 1 picosecond. 

2. Measurement set-up 

The investigated sample is a bound-to-continuum THz QCL with an emission frequency at 

2.2 THz [23]. The device was indium-bonded on a copper sub-mount electro-plated with gold 

and operated in an optical cryostat at a temperature of 10 K. The length of the QCL is 3 mm 

and the width of the ridge is approximately 200 μm. The laser was processed as a surface 

plasmon waveguide [24] that confines a portion of the mode to the active region of the QCL 



with the aid of a heavily doped n++ layer grown at the bottom of the active region. As shown 

in fig. 1(a), two consecutive femtosecond laser pulses, produced by a Ti:Sapphire mode-

locked laser with a 80 MHz repetition rate, are used to generate two consecutive broadband 

THz pulses. 

Consecutive laser pulses are realized by sending the laser pulse through a Michelson-
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Fig. 1 (a) Two THz pulses are injected into the QCL. A RF bias 

pulse drives the QCL above threshold and amplifies the first THz 

pulse (the seed). The second THz pulse (the probe) is injected into 

the QCL at a later time. (b) The RF bias pulse (blue) and the 

amplified seed (black). Insert: Fourier transform of the amplified 

seed. (c) Transmitted probe pulse injected at 350 ps. The probe is 

modulated for lock-in detection to remove the seed (pump) from 

signal. Red: Portion of the probe field amplified by the QCL. It is 

longer than the incident pulse on account of the narrower QCL gain 

bandwidth. Insert: Fourier transform of the transmitted probe. 



interferometer with one mirror on a variable delay line. The femtosecond laser pulses are then 

used to illuminate an interdigitated photoconductive antenna, processed on a low-temperature 

(LT) grown GaAs substrate [25]. The generation of consecutive THz pulses is made possible 

due to the sub-picosecond trapping and recombination lifetimes in LT-GaAs [26]. This 

prevents the screening of the bias field for the second laser pulse by the photo-injected 

carriers associated with the first laser pulse. 

The consecutive THz pulses are then focused into one facet of the QCL cavity using off-

axis parabolic mirrors (not shown in fig. 1(a)). The electric field of the THz pulses 

transmitted through the opposite facet is then measured via free space electro-optic sampling 

[27,28]. Immediately after the arrival of the first THz pulse (the seed), the gain of the QCL is 

driven above its threshold with an RF bias pulse. Figure 1(b) shows the RF pulse (blue curve) 

that has a sub-nanosecond rise time. These RF bias pulses are generated by illuminating a 

high-speed photodiode with a portion of the femtosecond laser beam. This ensures that the 

electrical bias pulses are synchronized to the 80 MHz repetition rate of the femtosecond laser. 

Before being sent to the QCL, the RF bias pulses are amplified with a broad-band RF power 

amplifier. The THz seed pulses are amplified by the QCL and undergo multiple round-trips in 

the QCL cavity [29,30]. In contrast to the steady-state laser operation [31-33], the gain is not 

equal to the losses during the rise-time of the RF bias pulses. This permits large amplification 

of the injected THz seed pulse [34].  

The amplified THz field transmitted through the opposite face of the QCL is shown as 

function of time in fig. 1(b) (black curve). The transmitted field appears as a train of short 

electric field pulses for multiple integers of the round-trip time (~81 ps for this QCL). 

Initially, the seed pulse experiences a large amplification, however after ~300 ps the 

amplified seed pulses are strong enough to saturate the gain and hence amplification ceases.  

The second THz pulse (the probe) is then injected into the QCL after a time greater than 

345 ps. The amplified seed pulse (black curve; fig. 1(b)) is removed from the transmitted 

probe field (fig. 1(c)) by modulating the THz probe pulse with an optical chopper [35] and 

detecting the electro-optic signal with a lock-in amplifier. In contrast to references [19,20], 

we investigate the laser dynamics above the laser threshold. Above threshold, the pump field 

(i.e. the laser field) is distributed along the entire length of the laser cavity due to multiple 

reflections. Nevertheless, in the output of the QCL, we observe well-defined pulses that are 

separated by the round-trip time of the laser cavity. 

3. Two-dimensional spectra 

There are two time-axes in the measurement: the sampling time – t, which is varied by 

moving the delay line for the electro-optic detection and the delay time – τ, which is varied by 

moving the delay line in one arm of the Michelson interferometer. (There needs to be two 

independent time axes in order to obtain two independent frequencies axes for the 2D 

spectra.) The delay time represents the delay between the injection of the seed pulse 

(represented by the black circle in fig. 1(b)) and the injection of the probe pulse (represented 

by the green circle in fig. 1(b)). In figs. 1(b) and 1(c), we have defined both time-axes such 

that τ=0 and t=0 corresponds to the injection of the seed pulse. The spectral amplitudes of the 

fields in figs. 1(b) and 1(c) are shown in the corresponding insets. The spectral amplitude of 

the amplified seed pulse, fig. 1(b), consists of a series of longitudinal cavity modes centred at 

2.2 THz with a spacing of 12.2 GHz. To increase the signal-to-noise ratio and speed up the 

acquisition time only the portion of the probe field in red, see fig. 1(c), is recorded, which is 

representative of the amplification caused by the relatively narrow gain bandwidth of the 

QCL. 

In addition to the frequency information obtained by taking the Fourier transform of the 

probe with respect to the sampling time, additional information can be obtained by taking 

another Fourier transform of the probe with respect to the delay time. This results in a 2D 

spectrum, shown in figs. 2(a) and 2(b), where the frequency axis obtained from the delay time 



ωτ is plotted on the horizontal axis and the frequency axis obtained from probe time ωt is 

plotted on the vertical axis. For all two-dimensional spectra the window of sampling time 

scan is moved along with delay time so that relative position of the sampling time window 

with respect to the probe pulse is fixed.  The origin of the frequency axis (ωτ = 0, ωt = 0) 

corresponds to the centre point of the two-dimensional spectra. Since the fields are real, the 

2D Fourier transform is symmetric in the sense that the diagonal quadrants are equal [i.e., if S 

represent the two-dimensional spectra, S(ωτ, ωt) = S(-ωτ, ωt)] and S(ωτ, -ωt) = S(-ωτ, ωt). 
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Fig. 2 Two-dimensional spectra of the THz probe for delay times τ = 345-365 ps (a) and τ = 

385-405 ps (b). The sampling time window is 13 ps. (c) The amplified seed (the pump) versus 

time. The dashed rectangles correspond to the delay times in (a) and (b). The square of the 

spectral amplitude is integrated along the sampling frequency for the upper half of the two-

dimensional spectra and shown in (d) and (e) for parts (a) and (b), respectively.   



Thus, two of the quadrants shown in figures 2(a) and 2(b) are redundant, but are included in 

fig. 2 for completeness. The quadrant with two positive frequencies is referred to as the non-

rephasing quadrant, while the quadrant with one positive and one negative frequency is 

referred to as the rephasing quadrant. For conventional two-dimensional spectroscopy, any 

peaks arising from photon echoes would originate in the rephrasing quadrant. Since the width 

of the QCL transitions are expected to arise from decoherence times and the multiple levels in 

the conduction band of the QCL structure [33], we do not expect the QCL transition to be 

predominantly in-homogeneously broadened. Thus, the two-dimensional peaks are expected 

to be in the non-rephasing quadrant. In figs. 2(a) and 2(b), it is seen that the major peaks are 

indeed in the non-rephasing quadrants of the two-dimensional spectra. Nevertheless, there are 

several minor peaks in the rephrasing portion of the two dimensional spectra. However, 

when the integrated spectral intensity is plotted, as shown in figs. 2(d) and 2(e), the minor 

peaks at negative frequencies (which correspond to rephasing) are significantly less 

prominent. 

The two-dimensional spectra taken for delay times corresponding to strong (τ = 345‒365 

ps) and weak (τ = 385‒405 ps) field sections of the amplified seed are shown in figs. 2(a) and 

2(b), respectively. For both the strong and weak field sections, there are three main peaks in 

the two-dimensional spectra along the zero, first, and second harmonics of the delay 

frequency axis ωτ, for a sampling frequency equal to the laser frequency ω0, i.e. at the points 

S(ωτ = 0, ωt = ω0), S(ωτ = ω0, ωt = ω0), and S(ωτ = 2ω0, ωt = ω0), respectively.  

The peak at S(ωτ = 0, ωt = ω0) corresponds to the rectified component of the instantaneous 

intensity of the amplified seed. This peak does not arise from any DC offset in the probe 

spectra which would produce a peak at the origin S(ωτ= 0, ωt = 0). The peak at S(ωτ = ω0, ωt = 

ω0) corresponds to the probe response to the electric field of the amplified seed and can be 

viewed as an interference term.  

The peak at S(ωτ = 2ω0, ωt = ω0) is the response of the probe to the 2ω0 component of the 

instantaneous intensity (or square of the amplified seed field). This peak does not represent 

second harmonic generation which would produce probe photons with frequency 2ω0 and 

thus correspond to the point at (ωτ = ω0, ωt = 2ω0). Rather, the peak at S(ωτ = 2ω0, ωt = ω0) is  

analogous to a double quantum coherence found in conventional two-dimensional 

spectroscopy [36, 37, 38].  However, in this work the length of the QCL is not optically thin. 

As a result the S(ωτ = 2ω0, ωt = ω0) signal could arise from spatial hole burning effects where 

the gain is modulated across the length of the cavity from the saturation effects that are 

proportional to the 2ω0 component of the instantaneous intensity. The amplitude of the S(ωτ = 

2ω0, ωt = ω0) peak is significantly reduced for the weak field spectra compared to the strong 

field region (see fig. 2(c)). This can be seen more clearly in figs. 2(d) and 2(e), where the two-

dimensional spectra are integrated for positive sampling frequencies for the strong and weak 

sections of the amplified seed field, respectively. 

4. Time dependence of the nonlinear peaks  

The dependence of the S(ωτ = 2ω0, ωt = ω0) peak on the strength of the amplified seed field 

(the effective pump field) is explored as a function of sampling time. This is realized by 

reducing the duration of the time windows used for the two-dimensional spectra to 1ps for 

both the delay time and sampling time. The amplitudes of the S(ωτ = 2ω0, ωt = ω0) peak are 

then plotted (dark squares) as a function of time as shown in fig. 3 along with the square of 

the amplified seed envelope (blue line). The S(ωτ = 2ω0, ωt = ω0) signal roughly follows the 

general shape of the square of the field envelope. The origin of the S(ωτ = 2ω0, ωt = ω0) peak 

could be either due to a modulation of the gain due to saturation, which produces a spatial-

hole burning response [39], or due to a non-linear response involving a 3rd virtual level.  In 

the latter case, an electron would be promoted from the lower laser state to a virtual level 

above the upper laser state with two photons – leading to an oscillation at twice the laser 



frequency along the delay frequency axis. The electron in the virtual level would then be 

brought to the upper state via the emission of a single photon – leading to an oscillation at the 

laser frequency along the sampling time axis. This would essentially be a double quantum 

coherence. The dependence of the rectified peak S(ωτ = 0, ωt = ω0) on the strength of the 

amplified probe as a function of time is also investigated, see fig. 4, by reducing the duration 

of the delay and sampling times. In contrast to the S(ωτ = 2ω0, ωt = ω0) peak, the rectified 

peak at S(ωτ = 0, ωt = ω0) is found to decrease when the envelope (blue curve) of the 

amplified probe increases to a maximum value and then recovers when the envelope of the 

amplified probe decreases. The temporal response of this S(ωτ = 0, ωt = ω0) peak is 

reminiscent of a classic pump-probe response where the pump saturate the response of the 

probe. The rectified response in figs. 2(a) and 2(b) is also quite broad along the probe 
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Fig. 3 The black squares show the spectral amplitude of the S(ωτ = 2ω0, ωt = ω0) peak as a function of sampling time

t for a series of two-dimensional spectra with a scan duration of approximately 1 ps for both the delay and sampling

times. The blue line shows the envelope of the instantaneous intensity as a function of the sampling time. 
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Fig. 4 The black squares show the spectral amplitude of the S(ωτ = 0, ωt =  ω0) peak as a function of the sampling

time t for a series of two-dimensional spectra with a scan duration of approximately 1 ps for both the delay and

sampling times. The blue line shows the envelope of the instantaneous intensity as a function of sampling time. 



frequency (ωt) axis, which is a typical feature for a pump-probe peak in a 2D spectrum [7].  

The S(ωτ = 0, ωt = ω0) peak recovers after ~10 picoseconds, which is slightly less than 

previous reports on the gain recovery times in THz QCLs [19,20] measured below threshold. 

However, the gain recovery in quantum cascade lasers can be quite complicated, as many 

different levels are involved in this process. For example, the gain recovery may be affected 

by carrier transport across the mini-bands and electron transfer between the injector and upper 

laser state.  

The gradual decrease of the amplitude of the S(ωτ = 0, ωt = ω0) peak over long time scales 

(from 380 ps to 405 ps) may be due to the distributed electric field in the cavity. Since we are 

only detecting the out-coupling field in fig. 1(b), standing waves (from multiple reflections) 

inside the cavity might contribute to an internal electric field for times where the out-coupled 

electric field of the pump, fig. 1(b), is low. The use of a longer laser cavity could minimize 

these effects. Additional contributions to the internal electric field might arise from the build 

up of spontaneous emission, which cannot be detected [40] with electro-optic sampling.  

5. Conclusion  

We have recorded two-dimensional pump-probe spectra of a THz QCL above laser threshold. 

The two-dimensional spectra were obtained by injecting two broadband THz pulses into a 

QCL with a variable time delay. Gain switching of the QCL was used to amplify the first THz 

pulse in order to generate a strong field to saturate the gain. The field of the second THz pulse 

was then used to measure the response of the strong seed field by varying the delay time with 

respect to the first THz pulse. The two-dimensional spectra were found to consist of multiple 

peaks along the delay frequency axis. The peak at zero delay frequency was observed to 

saturate when the intensity of the amplified seed pulse was maximized, while the peak at the 

second harmonic of the laser frequency was found to be proportional to the instantaneous 

intensity. These measurements demonstrate how pump-probe information from THz QCL can 

be obtained with two-dimensional spectroscopy. By using injection seeding technique, the 

requirement to generate a strong THz field is removed. This enables an 80 MHz femtosecond 

oscillator that generate weak THz pulses for non-linear measurements. Further two-

dimensional spectroscopic measurements could enable coherent transport, the coherence 

between the injector and upper laser state in resonant tunnelling for injection of carriers into 

the upper laser state, the degree of inhomogeneous broadening and further nonlinear effects in 

QCLs to be explored.  
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