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ABSTRACT   

We have measured the terahertz (THz) conductance of a 23 quintuple layer thick film of bismuth selenide (Bi2Se) and 

found signatures for topological surface states (TSSs) below 50 K. We provide evidence for a topological phase transition 

as a function of lattice temperature by optical means. In this work, we used THz time-domain spectroscopy (THz-TDS) to 

measure the optical conductance of Bi2Se3, revealing metallic behavior at temperatures below 50 K. We measure the THz 

conductance of Bi2Se3 as 10 e2/h at 4 K, indicative of a surface dominated response. Furthermore, the THz conductance 

spectra reveal characteristic features at ~1.9 THz attributed to the acoustic phonon mode, which is weakly visible at low 

temperatures but which becomes more prominent with increasing temperature. These results present a first look at the 

temperature-dependent behavior of TSSs in Bi2Se3 and the capability to selectively identify and address them using THz 

spectroscopy. 
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1. INTRODUCTION  

Topological insulators (TIs) present a new state of quantum matter with insulating bulk and robust conducting surface 

states. These topological surface states (TSSs) are protected by the time reversal symmetry and strong spin orbit 

interaction1-4. TSSs of a 3D TI consist of an odd number of Dirac cones in the surface Brillouin zone, guaranteed by the 

Z2 topological invariant of the bulk4,5. In the simplest scenario with a single Dirac cone, such as on the surface of Bi2Se3,
6-

9 the surface states can be described by Rashba spin orbit coupling10 and show a helical behavior11. These metallic surface 

states have been proposed to have a wide range of applications from spintronics1,7,12 to quantum computing13. In an ideal 

TI the bulk does not contribute to charge transport and the conductivity is solely a result of surface carriers. However, the 

present generation of TIs, particularly Bi2Se3 exhibits significant contributions from the bulk carriers to the net 

conductance. The primary reason for such a behavior is shifting of the electrochemical potential into the conduction band 

due to selenium (Se) vacancies and anti-site defects14. Moreover, if the Fermi level crosses the bulk band near the surface, 

it can lead to the formation of a two-dimensional electron gas (2DEG) due to bending of the bands near the surface. Such 

a 2DEG is limited to within ~20 nm of the surface15,16 and occurs alongside the TSSs. 

The functionality of TIs as a viable material for novel applications in technology requires unambiguous separation of the 

surface state response from the interfering bulk and quantum well states (QWSs). Conventional transport measurements 

suffer a drawback due to simultaneous measurement of TSSs and the bulk carriers, in both thin film and single crystal TIs. 

The TSSs differ from the bulk states and QWSs in their topological origin. Although angle-resolved photoemission 

spectroscopy (ARPES) can probe the TSSs directly, its sensitivity is limited to the surface carriers, lacking the high energy 

resolution near the electrochemical potential17. It would be highly desirable to have a technique which can detect and 

isolate the TSSs from the bulk contribution unambiguously with the capability to selectively address the TSSs for real 

world applications. Terahertz (THz) spectroscopy is an optical technique, free of contacts to probe the low-energy  

*E-mail: vk302@cam.ac.uk , Phone: +44 1223 768142  
 

mailto:vk302@cam.ac.uk


 

 
 

 

 

 

excitations in strongly correlated electron gases. It has been recently reported that THz-TDS can be used identify TSSs 

contributions in Bi1.5Sb0.5Te1.8Se1.2 (BSTS), but identifying surface from the bulk was not possible, due to defects and 

surface deterioration18. A temperature dependent THz study which would unambiguously demonstrate a transition from 

bulk response to TSSs would be highly desirable, for practical applications. Here, we report the use of broadband THz-

TDS to identify TSSs from the bulk and QWSs by measuring the THz transmittance of Bi2Se3 thin film as a function of 

temperature. We demonstrate a transition from a bulk like response dominant at high temperatures, to a TSSs metallic 

response at low temperatures with the transition around 50 K and therefore present a non-destructive method to selectively 

identify and address the TSSs in Bi2Se3. 

2. MBE THIN-FILM GROWTH  

Molecular beam epitaxy (MBE) was used to grow 23 QLs (1 QL = 0.954 nm) of Bi2Se3 on a c-plane sapphire (0001) 

substrate, in a UHV system with a base pressure of 1x10-10 torr. Standard effusion cells were used to evaporate pure 

elemental source materials (Bi (6N) and Se (6N)).  The film was synthesized in two stages: first a 5.8-nm-thick Bi2Se3 seed 

layer was grown at a substrate temperature of 250°C, followed by an annealing step with the substrate temperature raised 

to 300°C. This process reduces the twinning effect19, commonly observed in this materials system. The corresponding flux 

ratio for Bi: Se was 1:10, as recorded by a beam flux monitor. The final 16.2-nm-thick Bi2Se3 layer was grown keeping 

the substrate at 300°C. X-ray diffraction (XRD) was performed (cf. Fig. 1 a), which shows peaks of the (00l) family of 

Bi2Se3, confirming the high crystalline quality.  
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Figure 1: a) Out-of-plane 2θ- XRD scan for the 23-QL-thick (22 nm) Bi2Se3 film with major peaks identified as incidated. θ denotes 

the angle between the x-ray beam and the plane of the sample. b) X-ray reflectivity (XRR) plot for the Bi2Se3 film. The black and the 

red lines represent the raw data and the fit, respectively. 
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The x-ray reflectivity (XRR) plot is shown in Fig. 1 b). The modelling was done by considering two layers of Bi2Se3 with 

the density varying at the substrate interface to enable proximity effects (inset of Fig.1 b). The model shows a total Bi2Se3 

layer thickness of 22 nm, consisting of a 5.8-nm-thick seed layer and a 16.2-nm-thin film with a surface roughness of 1.7 

nm. Electrical transport measurements wer carried out in a continuous flow He cryostat with a base temperature of 1.7 K 

at 33 Hz. Our samples were processed into Hall bars using photolithography as reported previously20. Figure 2 shows the 

temperature-dependent longitudinal resistance (Rxx). In the range from room temperature to 50 K, the resistance shows a 

monotonic decrease which is attributed to electron-phonon scattering21. The is confirmed by the reducing phonon peak at 

1.9 THz in this temperature range, as seen in the real part of the conductance spectra (Fig. 4a), discussed in further detail 

below. However, close to 50 K, the resistance levels out indicating the freezing out of the bulk carriers. The region below 

50 K is likely to be dominated by surface conduction and impurity states (QWSs), which is in good agreement with previous 

reported results27 for similar thicknesses. 

 

3. TERAHERTZ CONDUCTIVITY 

Broadband terahertz time domain spectroscopy (TDS) was carried out on the 23-QL-thick Bi2Se3 film, grown by MBE. 

The sample was mounted in the cryostat with optical access to obtain a temperature dependent THz response. The 

measurements were carried out with a Tera K15- T-Light MENLO system, with a 60 mW pump pulse focused down to a 

40 µm spot onto the THz emitter, resulting in a broadband THz emission with a spot size of ~1 mm. To probe the 

temperature-dependent optical conductivity of Bi2Se3, we measured the complex optical conductance 𝐺̃(𝜔) =  𝐺1(𝜔) +
𝑖𝐺2(𝜔) of the TI film and extracted the real and imaginary part of conductance as a function of frequency 𝜔. It should be 

noted that the real and imaginary conductance have been measured concurrently, however, they are independent of each 

other. The imaginary conductance is associated with the phase shift with respect to the reference substrate, and hence can 

be used to deduce mobility and scattering rate of carriers in the TI film. This makes THz-TDS a powerful tool to measure 

key material parameters related to TI thin films. Analysis of the low frequency limit THz conductance can be used to 

examine the quasi d.c transport properties, in a non-contact and non-destructive manner. 

Figure 2 a) shows the time-resolved THz transmission through the Bi2Se3 thin film at different temperatures. The THz 

field for the Bi2Se3 shows a time delay and reduced amplitude relative to the signal through air, reflecting both the thickness 

and refractive index of the sample.  Figure 2 b) shows a magnified view of the THz field at various lattice temperatures. 

We observe that the transmitted THz field intensity increases with reducing temperature down to 50 K, after which it 

decreases with further reduction in temperature to 4 K. The power transmission spectra demonstrating absorption from the 

free-carriers in the Bi2Se3 film, shedding further light on this behavior. 
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Figure 2: Temperature-dependent longitudinal resistance for the 23-QL-thick Bi2Se3 film. 

 



 

 
 

 

 

 

   

 

Figure 2: a) Time domain picosecond (ps) pulse response transmitted through air and a Bi2Se3 film (60 nm) at different temperatures. b) 

Magnified pulse response transmitted through the Bi2Se3 film. The substrate is sapphire (0001). 

   

 

Figure 3: a) Power transmission spectra calculated from the Fourier transform of the primary transmitted peak through Bi2Se3 and 

normalized to the transmission through the sapphire (0001) substrate for each temperature. b) The transmission first increases and then 

decreases with falling temperature, indicating the presence of two different topological phases at low and high temperatures.  

 

The power transmission spectra, T, shown in Fig. 3a), were calculated from the Fourier transform of the primary transmitted 

peak through Bi2Se3 and normalized to the transmission through the sapphire substrate for each temperature. We observe 

that T increases with decreasing temperature down to 50 K, exhibiting free carrier absorption. However, below 50 K the 

transmission falls as the lattice temperature is reduced to 4 K.  The transmission (at 1.4 THz) as a function of temperature 

shown in Fig. 3 b) explains the initial upsurge in the time domain response (Fig. 2 b). Such behavior is indicative of the 

presence of two different phases in Bi2Se3 with different properties and distinct spectral features. The power transmission 

also shows a broad dip around 1 THz (4.1 meV), which corresponds to the intersubband transitions in the QWSs. The 

QWSs form a 2DEG confined to the surface, which is equivalent to a one-dimensional quantum well system and appear 

as distinct features in the power transmission spectra. The presence of the QWSs in thin film Bi2Se3 has been confirmed 

by ARPES measurements previously22,23. The QWSs formed from the band bending (or from Se vacancies) near the surface 

can be described with a triangular potential well model, as discussed in a previous report24, allowing us to assign the 

absorption peak at 1.0 THz to the so-called intersubband-band transition.  The power transmission spectra also show a 

strong dip at 1.9 THz (8 meV) depicting the optical phonon mode (α-phonon). The spectral features observed in the 

transmission spectra are in good agreement with previous studies on Bi2Se3,
25,26. Furthermore, both the features in the 
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transmission spectra show strong temperature-dependent behavior with a systematic transition from bulk-like behavior to 

a surface response as elucidated by obtaining the THz conductance. 

We further calculated the optical conductance using Tinkham’s theory27 to obtain the spectral response as presented in Fig. 

4 a). Since the THz-TDS measures both the amplitude and phase of the signal, there is no need to employ the Kramers-

Kronig transformation to obtain the real and imaginary components of the optical parameters. The conductance 𝐺(𝜔) of a 

TI film of thickness t can be described according to the Drude-Lorentz relationship,  

𝐺(𝜔) =
𝑖𝜔𝑇𝑆𝑆

4𝜋 (𝜔 + 𝑖𝛾𝑇𝑆𝑆)
+

𝑖𝜔𝑄𝑊𝑆

4𝜋 (𝜔 + 𝑖𝛾𝑄𝑊𝑆)
−

𝑖𝜔𝑡

4𝜋

𝑆𝑄𝑊𝑆
2

(𝜔2
0,𝑄𝑊𝑆 − 𝜔2 − 𝑖Γ𝑄𝑊𝑆  𝜔)

 (1) 

 

where 𝜔𝑇𝑆𝑆 (𝜔𝑄𝑊𝑆) and 𝛾𝑇𝑆𝑆 (𝛾𝑄𝑊𝑆) denote the plasma frequency and the scattering rate, respectively, for the TSSs 

(QWSs), while 𝑆𝑄𝑊𝑆, 𝜔0,𝑄𝑊𝑆  and Γ𝑄𝑊𝑆 represent the oscillator strength, center frequency, and the damping rate of 

intersubband transitions in the QWSs25, respectively. The THz conductance (Fig. 4a) shows an overall decline as the 

temperature falls to 50 K, implying the freezing of bulk charge carries in Bi2Se3. We identify the broad signatures at 1 THz 

and the sharp peak at 1.9 THz as the contributions from the QWSs and the optical phonon, respectively, as discussed 

earlier. Imaginary conductivity spectra (Fig. 4b) show the accompanying phase distortions in the real part of the 

conductance. The diminishing QWSs response has been observed previously24 with reducing film thickness. As the 

temperature decreases from 200 K to 4 K we expect a reduced contribution from the bulk and QWSs, thus leaving the 

TSSs (the top and bottom) as the main contributor to the measured conductance values. 

   

 

Figure 4: a) Real conductance spectra showing distinct features at around 1.0 THz, referring to intersubband transitions in QWSs, and 

1.9 THz, referring to the optical phonon mode (α-phonon). b) Imaginary conductance spectra reflecting the accompanying phase 

distortions in the real conductance. 

The THz conductance spectra confirm the emergence of TSS phenomena in Bi2Se3 below 50 K. The real conductance 

value at 1.4 THz increases from ~7 e2/h to 10 e2/h, as the lattice temperature is reduced from 50 K to 4 K, confirming the 

advent of a metal-like surface behavior, characteristic of TSSs (Fig.5 a).  It is interesting to note that our transport 

measurements (Fig. 2) reveal a change in the longitudinal resistance at 50 K, providing further evidence for surface-

dominated response below 50 K. 

The low frequency extrapolation of the real conductance spectra should approach the d.c. conductance values obtained 

from standard transport measurements. It should be noted that transport measurements rely heavily on the device 

processing and geometry making it difficult to obtain a TSSs response from pristine surface of a TI. Bansal et al.28 have 

discussed the difficulty in distinguishing the TSS contribution from the noisy background, particularly for ultra-thin films. 

The THz conductance measurement present an alternative way of obtaining the quasi-d.c. value of conductance in TIs. 

The metallic behavior of THz conductance at low temperatures is fairly uniform across the entire frequency range (0.1-2.2 

THz). It should be noted that our measurement stands out as a technique to probe both the surface and bulk states; the 

frequency dependent conductance 𝐺̃(𝜔) can demonstrate a more surface sensitive response at higher frequencies, limited 

by the bandwidth of the THz photoconductive detector, due to the skin depth effect. 

a) b) 
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The skin depth 𝛿 dependence on the frequency f is given by the equation 𝛿 = √𝜌 (𝜋𝑓𝜇0𝜇𝑟⁄ ), where 𝜌 is the resistivity and 

𝜇𝑟 is the relative permeability of the film. At higher frequencies approaching 2.2 THz, the skin depth of the THz field 

would be relatively smaller, thus measuring a response much closer to the surface of the TI.  

Our transport measurements (Fig. 2) show the longitudinal resistance at 4 K to be 2.3 kΩ (11.2 e2/h), in close agreement 

with our THz optical conductance value of 10 e2/h at 4 K. The transport measurement, calculating the surface conduction 

in Bi2Se3 previously reported29, are also in good agreement with our THz quasi-d.c. values of ~10 e2/h, in the surface-

dominated regime at 4 K. It is worth mentioning that we rule out QWSs contribution from the low temperature metallic 

behavior of the THz conductance, since our THz conductance spectra clearly shows a diminishing response at ~1 THz, 

which was attributed to QWSs. To further establish the distinct signature of TSSs from 2DEG at low temperature, requires 

the measurement of temperature-dependent carrier concentration (sheet carrier density). The sheet carrier density for a TI 

and a 2DEG is given as 𝑛𝑆𝐶(𝑇𝐼) = 𝑘𝐹,𝑇𝐼
2/(4𝜋) and 𝑛𝑆𝐶(2𝐷𝐸𝐺) = 𝑘𝐹,2𝐷𝐸𝐺

2/(2𝜋), where k stands for the Fermi-wave 

vector28. Since the fermi-wave vector for TSSs is larger than for the 2DEG, we should always have 𝑛𝑆𝐶(𝑇𝐼) > 𝑛𝑆𝐶(2𝐷𝐸𝐺). 

This can be established through a THz optical conductance measurement with gated-field effect transistor type device30, 

where a gate can tune the Fermi level across the bandgap, to obtain a TSS selective response. 

4. CONCLUSION 

THz spectroscopy provides a novel technique to confirm the presence of TSSs in quantum materials and explore the rich 

physics at low temperature in TIs. We have demonstrated that THz-TDS can be used to unambiguously detect the TSSs in 

Bi2Se3 at temperatures below 50 K. The conductance spectra show clear features of QWSs which flattens out with reducing 

temperature. Moreover, we observe clear signatures of a metallic behavior characteristic of the TSSs, in the low 

temperature regime below 50 K. Our transport measurements exhibited a similar transition temperature of 50 K, signifying 

the onset of a surface state behavior. The direct coupling between the TSSs and optical radiation in the sub-THz frequency 

range, opens up the possibly of developing novel TI devices such as modulators and detectors31, operating in the THz gap. 

Therefore, the THz-TDS implemented in this work will open up the possibility of studying and developing future quantum 

TI devices for practical applications. 

Figure 5: Real part of the conductance at 1.4 THz as function of temperature showing metallic behavior below 50 K. 
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