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Abstract 

 

Terahertz scanning tunneling microscopy (THz-STM) has enabled spatiotemporal imaging 

with femtosecond temporal and Ångstrom spatial resolution. In THz-STMs, the junction bias is 

modulated by coupling THz pulses which results in transient voltage bias and extremely high 

transient tunneling currents. In order to have efficient imaging of the sample surface, it is important 

to understand the non-linear tunneling current response and its parametric dependence. In this 

work, we theoretically investigate the basic scaling of rectified electrons in a THz-STM junction. 

We use a self-consistent quantum model that includes both space charge potential and exchange-

correlation potential, which were ignored in previous studies. Since THz-STMs are operated at 

high transient voltage in field emission regime, the effects of exchange-correlation potential 

become crucial. We validate our calculation with recently reported experimental data and 

investigate the rectification property of the tip-sample junction for different parameters. We find 

that the time dependent tunneling current and the electron transport can be manipulated by varying 

the d.c. bias voltage (polarity, amplitude), incident THz field (polarity, shape, peak amplitude), 

work functions of STM tip and sample - especially their difference Δ𝑊, and the tip-sample 

separation. Our study provides an important framework that can be used in the future to 

characterize, control, and improve the THz-induced currents and probing techniques at nanometer 

scale over subpicoseconds time periods.  

 

Keywords: terahertz scanning tunneling microscopy; tunneling current; nano-junctions; space 

charge; field emission; current rectification 

 

I.  INTRODUCTION 

Scanning tunneling microscope (STM) is an instrument which uses quantum tunneling [1] 

phenomenon  for imaging surfaces at the atomic level [2–5]. In order to observe and record the 

time dynamics of microscopic structures [6–8], STMs must have ultrafast temporal resolution [9–

12] and atomic spatial resolution. Efforts have been made to integrate femtosecond lasers with 

STMs to improve temporal resolution  [13,14]. These methods offer time resolution up to ∼10 ps 

for nanometer spatial resolution  [15] and they need specialized probe or sample structures  [15]. 

In 2013 Cocker et al. [9] showed that the time resolution can be improved to subpicoseconds with 

atomic spatial resolution  [9,8,16] by modulating the STM junction bias directly with terahertz 
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(THz) pulses focused on the scanning probe tip. Experiments show that tunneling currents in 

milliamp scale can be achieved over ultrafast time scales without damaging the STM tip or 

sample [9,16–18], which is not typically possible in conventional STM. 

In THz-STMs, free space travelling terahertz pulses which are polarized parallel to the 

STM tip (i.e. the direction of the electric field is in alignment with the tip)  [9], are focused onto 

the scanning probe tip (Figure 1a). The STM tip acts like a broadband antenna  [19,20] and couples 

the electric field of the incident THz pulses to the tip-vacuum-sample junction. It uses the nonlinear 

current-voltage (𝐼 − 𝑉) behavior of the tunnel junction to produce a rectified ultrafast current 

burst  [9]. Experiments  [8,9,17,18,21,22] showed that peak THz voltage bias transients greater 

than 3 V across the STM junction can be achieved leading to field emission of subpicosecond 

tunnel currents with current densities exceeding 109 A/cm2. The rectification of the tunneling 

junction depends on d.c. bias voltage, incident THz field, forward or reverse bias, tip-sample 

separation, local density of states, operating media, and work functions of the tip and sample. In 

order to achieve better controllability of the tunneling current over ultrafast timescale, enhance 

rectification of the tip-sample junction, improve temporal resolution and real-time electron 

dynamics, basic scaling of the rectified electron current needs to be analyzed in different voltage 

regimes, for a variety of input parameters. 

Recent studies used Simmons formulas for metal-insulator-metal junctions [9,16]  and 

Bardeen tunneling model [8,17,18] to fit their THz-STM experimental measurements. Although 

these models are widely used, they are reliable only in low voltage regime where the tunnel 

junction can be approximated as ohmic  [23,24]. In the nonlinear 𝐼 − 𝑉 regime or field emission 

regime, the effects of space charge and exchange correlation potential, which are ignored in both 

Simmons formula  [25,26] and Bardeen’s theory, become significant. To achieve better 

characterization of the tip-sample tunneling junction and the THz induced current transport, a 

quantum mechanical analysis of the tunneling junction needs to be done.  

Here we present a comprehensive study of the ultrafast electron transport in THz induced 

STM junctions. We include the important quantum effects in a tip-vacuum-sample junction and 

investigate the scaling of the time-dependent tunneling current for a wide range of parameters. We 

use a self-consistent quantum model  [23,24] that includes the effects of space charge and 

exchange-correlation potential, as well as current emission from both tip and sample. We assume 

that there is no thermal expansion of the tip or sample; the THz-STM is operated in vacuum; the 

sample surface is flat and the tip height is fixed. First, we validate our calculation with recently 

reported experimental data  [17,18], then we investigate the rectification of the tip-sample junction 

for different material properties, barrier heights, tip-sample separations, and bias voltages. Note 

that, we investigate the scaling of tunneling current with respect to several tip-sample junction 

parameters. Our theoretical calculation assumes that the THz bias voltage 𝑉𝑇𝐻𝑧(𝑡) is readily 

available at the junction and does not examine the generation, propagation, and coupling of the 

THz pulses to the STM tip. More information on the experimental set up can be found in 

Refs.  [9,17,18] and on the coupling of THz pulses to the STM tip can be found in Refs.  [19,20,27–

29] . 
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A brief description of the self-consistent quantum model is presented in Sec. II. Obtained 

results are discussed in Sec. III. Conclusion and a few aspects of future research are given in Sec. 

IV.  

 
Figure 1. (a) Schematic diagram of THz-STM on a sample surface. A THz pulse is coupled into 

the STM junction, inducing transient tunnel currents between the tip and the sample. (b) The 

potential profile near the tip-sample junction; (c) total voltage applied to the tip-sample junction. 

The tip–sample separation is typically 5 − 10 Å and the radius of curvature of the tip is 20 - 50 

nm. In (b), 𝜙𝑡 = 𝑊𝑡 − 𝑋 and 𝜙𝑠 = 𝑊𝑠 − 𝑋, where 𝑊𝑡 and 𝑊𝑠 are the work functions of metal tip 

and sample respectively and 𝑋 is electron affinity of the insulator. 𝐽𝑡 and 𝐽𝑠 are the electron 

current densities emitted from the tip and sample, respectively. 

II. FORMULATION 

Terahertz pulses coupled to the STM tip act like fast voltage transients that sample the I–

V curve of the tunnel junction with subpicosecond time resolution  [9]. The STM tip-vacuum-

sample junction is treated as a typical metal-insulator-metal junction (Figure 1a). The self-

consistent model (SCM) formulation is based on our previous works [23,24,30–32]. Although the 

model used is developed for DC condition, it will be demonstrated below to be applicable to THz-

STM junctions, since the transit time for electron tunneling through a barrier of nm-scale thickness 

is typically less than 1 fs, much smaller than the period of the THz pulses  [33–37]. This means, 

the tunneling electrons see an approximately constant voltage even though the d.c. bias is 

modulated with the THz field, and a simple d.c. model can be used to analyze the tunneling 

characteristics of THz-STM. 

The potential barrier formed between the STM tip and sample is (Fig. 1a), Φ(𝑥) = 𝐸𝐹 +

Φ𝑤(𝑥) +  Φ𝑖𝑚𝑎𝑔𝑒(𝑥) + 𝑒𝑉(𝑥) + Φ𝑥𝑐(𝑥), where 𝐸𝐹 is the equilibrium Fermi level; Φ𝑤(𝑥) = 𝜙𝑡 +

(𝜙𝑠 − 𝜙𝑡)𝑥; 𝜙𝑡 = 𝑊𝑡 − 𝑋, 𝜙𝑠 =  𝑊𝑠 − 𝑋;  𝑊𝑡 and 𝑊𝑠 are the work functions of metal tip and 

sample respectively; 𝑋 is electron affinity of the insulator; Φ𝑖𝑚𝑎𝑔𝑒(𝑥) is the image charge potential 

energy including the effect of anode screening  [23,24], [38]; 𝑒𝑉(𝑥) = 𝑒𝑉𝑔𝑥/𝐷 + 𝑒𝑉𝑠𝑐(𝑥) is the 

electric potential where 𝑉𝑔 is the time dependent bias voltage and 𝑉𝑠𝑐(𝑥) is the potential due to 
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space charge and Φ𝑥𝑐(𝑥) is the electron exchange-correlation potential calculated by the Kohn-

Sham local density approximation (LDA)  [23,24,39]. 

 The probability 𝐷(𝐸𝑥) that an electron with longitudinal energy 𝐸𝑥 (normal to the 

surface) can penetrate the potential barrier Φ(𝑥) is given by the WKBJ approximation  [40], 

𝐷(𝐸𝑥) = exp[−
2

ℏ
∫ √2𝑚[Φ(𝑥) − 𝐸𝑥]

𝑥2

𝑥1
𝑑𝑥, where 𝑥1 and 𝑥2 are the two roots of 𝐸𝑥 − Φ(𝑥) =

0. The tunneling current density from tip to sample, and from sample to the tip, are 

respectively  [23–25], 𝐽𝑡 =  𝑒 ∫ 𝑁𝑡(𝐸𝑥)𝐷(𝐸𝑥)𝑑𝐸𝑥
∞

0
,    𝐽𝑠 =  𝑒 ∫ 𝑁𝑠(𝐸𝑥)𝐷(𝐸𝑥)𝑑𝐸𝑥

∞

0
, where 

𝑁𝑡(𝐸𝑥) and 𝑁𝑠(𝐸𝑥) are the number of electrons inside tip and sample respectively with 

longitudinal energy 𝐸𝑥 impinging on the vacuum interface per unit area per unit time, calculated 

by the free-electron theory of metal [41]. We use 𝑁𝑡(𝐸𝑥) =  
𝑚𝑒𝑘𝐵𝑇

2𝜋2ℏ3  ln(1 +  𝑒−(𝐸𝑥−𝐸𝐹) 𝑘𝐵𝑇⁄ ) and 

𝑁𝑠(𝐸𝑥) =  
𝑚𝑒𝑘𝐵𝑇

2𝜋2ℏ3  ln(1 +  𝑒−(𝐸𝑥+𝑒𝑉𝑔−𝐸𝐹) 𝑘𝐵𝑇⁄ ), 𝑚𝑒 is the electron rest mass, ℏ is the reduced 

Planch constant, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the electrode temperature. 

Inside the insulator, 0 < 𝑥 < 𝐷, we solve the coupled Schrödinger equation and the 

Poisson equation, for the electric potential 𝑒𝑉(𝑥) and the exchange-correlation potential Φ𝑥𝑐(𝑥), 

−
ℏ2

2𝑚𝑒

𝑑2𝜓

𝑑𝑥2 − [𝑒𝑉(𝑥) − 𝛷𝑥𝑐(𝑥)]𝜓 = 𝐸0𝜓,     (1)                              

𝑑2𝑉

𝑑𝑥2 =
𝑒𝜓𝜓∗

𝜖𝑟𝜖0
,        (2) 

where 𝜓 is the complex electron wave function, 𝑛 = 𝜓𝜓∗ is the electron density, and 𝐸0 is the 

electron emission energy (with respect to the Fermi energy 𝐸𝐹). We assume 𝐸0 = 0 in the 

calculation. For a bias voltage 𝑉𝑔, the boundary conditions are, 𝑉(0) = 0, and 𝑉(𝐷) = 𝑉𝑔. We also 

have the boundary conditions that both 𝜓 and  𝑑𝜓/𝑑𝑥 are continuous at 𝑥 = 0, and 𝑥 = 𝐷. Due 

to charge conservation, the net current density 𝐽𝑛𝑒𝑡 = 𝐽𝑡 − 𝐽𝑠  = 𝑒(𝑖ℏ/2𝑚)(𝜓𝜓∗′ − 𝜓∗𝜓′) is 

constant for all x, where a prime denotes a derivative with respect to x, and 𝑖 = √−1 . 

By solving eqs. (1),(2) iteratively with the boundary conditions, we can self-consistently 

obtain the complete potential barrier profile Φ(𝑥), the current density emitted from both tip and 

sample, 𝐽𝑡 and 𝐽𝑠, for any 𝑊𝑡, 𝑊𝑠, insulator layer (𝜀𝑟 , 𝑋, 𝐷), and bias voltage (𝑉𝑔). It is found that 

the tunneling current emission is insensitive to the temperature and the Fermi level [24], in our 

calculations, we assume room temperature 𝑇 = 300 K and 𝐸𝐹 = 5.53 eV. Number of electrons 

generated per pulse 𝑁 =  ∫ 𝐼(𝑡)𝑑𝑡/𝑒
𝑡2

𝑡1
, where 𝐼(𝑡) is the time dependent tunneling current through 

the STM tip, 𝑡2 − 𝑡1 is pulse duration and 𝑒 is the electron charge. For a time dependent 𝑉𝑔, 𝐽𝑛𝑒𝑡 is 

also time-dependent. 𝐼(𝑡) is calculated by multiplying 𝐽𝑛𝑒𝑡 with the cross section area of the tip. 

 

III. RESULTS AND DISCUSSION 
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Figure 2. (a) Terahertz pulse electric field waveform with peak frequency at 0.4 THz  [17]; (b) 

total current, as a function of relative tip height for different peak electric field 𝐸THz,pk, and a d.c. 

bias of −0.25 V; (c) terahertz-induced current (𝑒−/pulse) versus peak terahertz electric field for 

different d.c. bias voltages 𝑉0. The crossed symbols are experimental measurements from 

Ref.  [17]. The dotted line in (b) is from Bardeen’s tunneling theory  [17]. For (b) the initial tip–

sample separation D = 1.12 nm, which was set by the d.c. bias 𝑉0  = – 0.25 𝑉, corresponding 

tunneling current |𝐼0|  = 20 pA, in the absence of THz field, 𝐸THz,pk  =  0 V/cm. For (c) the tip 

height maintains |𝐼0|=10 pA at 𝑉0 = 1V. Here the d.c. bias is applied to the sample. The material 

properties and the fitting parameters are specified in the main text. 

 

In Fig. 2 we validate our SCM calculation with experiments  [17] and investigate the THz 

induced current as functions of tip-to-sample distance (tip height) 𝐷 and peak electric field 𝐸THz,pk 

of the incident wave. We use experimental measurements reported by Jelic et al.  [17]  who 

performed atomic-resolution imaging of Si(111)–(7 × 7) by focusing asymmetric single-cycle THz 

pulses (center frequency ∼0.4 THz) on a STM tip. The THz pulse induced transient voltage 

𝑉THz(𝑡) at the tunneling junction drove a transient tunneling current 𝐼THz(𝑡). 𝑉THz(𝑡) was assumed 

to have the same temporal profile as 𝐸THz(𝑡). In Fig. 2 we perform a fit for multiple STM and 

THz-STM measurements. In the self-consistent tunneling model the fitting parameters are barrier-

height (𝜙𝑡  =  𝜙𝑠  = =  4.8 ±  0.15 eV), tip–sample separation (𝐷 =  1.0 ±  0.2 nm), and 

terahertz field enhancement (F = 300,000 ± 50,000). The time dependent voltage bias 𝑉THz(𝑡) is 

calculated from 𝐸THz(𝑡), F and 𝐷 from 𝑉𝑇𝐻𝑧(𝑡) = 𝐸𝑇𝐻𝑧(𝑡) × 𝐹𝐷. The d.c. bias 𝑉0 generates 

tunneling current 𝐼0 in the absence of THz field. We assume that the operating media is ultrahigh 

vacuum with relative permittivity 𝜖𝑟 = 1 and electron affinity 𝑋 = 0, dimension of the area of the 

STM tip is assumed to be 10 nm × 10 nm, and there is no phase delay between 𝐼THz(𝑡) and 

𝑉THz(𝑡). The rectified average tunnel current for the THz component is calculated as 𝐼THz,avg  =

250kHz × ∫ 𝐼THz(𝑡) 𝑑𝑡, where the pulse repetition rate is 250 kHz  [17,18] and the terahertz-

induced current 𝐼𝑇𝐻𝑧 (𝑒−/pulse) = 𝑁 = 𝑒−1  × ∫ 𝐼THz(𝑡) 𝑑𝑡. 
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Total current, including contribution from both 𝐼THz,avg and 𝐼0, is plotted as a function of 

tip-sample separation in Fig. 2b for different 𝐸THz,pk and the terahertz-induced current (𝑒−/pulse) 

is plotted in Fig. 2c as a function of 𝐸THz,pk for different d.c. bias voltages. For these calculations, 

bias is applied to the sample. The incident electric field 𝐸THz follows the profile shown in Fig. 2a. 

The solid lines are from SCM calculation and the crossed symbols are from experiments  [17]. It 

is clear than good agreement between the two is obtained. The negative 𝐸THz,pk generates a 

terahertz-induced rectified current (electrons tunneling from the sample to the tip) at the STM 

junction when 𝑉0 = 0 V. High tunnel current densities (above 109 A/cm−2) were observed over 

sub-picosecond time period that are orders of magnitudes higher than the current densities reported 

by conventional STM. This reflects in Fig. 2b, which shows that the total current for THz 

modulated STM is several times higher than the steady-state current for STM (Fig. 2b, 𝐸THz,pk =

0 V/cm). Several experiments [9,17,18,21] reported that these extreme transient currents can be 

maintained over long periods without damaging the surface or the tip for THz modulated STMs. 

Fig. 2b shows that the total current is extremely sensitive to the tip-sample separation 𝐷. It 

decreases exponentially when 𝐷 is increased. The terahertz-induced current versus incident peak 

electric field plot (Fig. 2c) demonstrates that a negative d.c. bias voltage 𝑉0 (to sample) enhances 

𝐼THz at negative 𝐸THz,pk while a positive 𝑉0 acts oppositely. Due to the highly non-linear current-

voltage characteristics of the tip-sample tunneling junction, the increase in 𝐼THz for 𝑉0 = −1V is 

much higher than the decrease in 𝐼THz for 𝑉0 = +1V (Fig. 2c). 

Because of the inherent asymmetry and non-linear I-V characteristics of the tip-sample 

junction, manipulation of the electron transport over ultrafast time scale becomes possible. The 

terahertz-driven tunnel current can be controlled by varying the polarity, strength and asymmetry 

of the terahertz pulse electric field, work function of the metal tip, polarity and amplitude of the 

d.c. bias, and tip-sample separation. It is important to note that, the current-voltage (I-V) 

characteristics of a metal-insulator-metal junction can be divided into three distinct 

regimes  [23,24]: a) direct tunneling regime for low voltages, where the I-V curve is linear and the 

junction can be approximated as ohmic, b) field emission regime for high voltages, where the 

junction is highly non-linear and the I-V curve becomes close to Fowler–Nordheim law  [42], and 

c) space charge limited (SCL) regime for very high voltages, where it approaches quantum Child–

Langmuir law  [43,44]. The THz-STMs are typically operated in field emission regime (peak 

𝑉𝑔(𝑡) > 1V), in order to achieve a high transient tunneling current (peak 𝐼THz(𝑡) ~ mA). 
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Figure 3. Effects of time-dependent bias voltage 𝑉𝑔(𝑡) = 𝑉0 + 𝑉𝑇𝐻𝑧(𝑡) on the ultrafast electron 

transport. (a), (b), and (c) show total junction voltages with 𝑉𝑔,peak = 1.12 V,  1.95 V, and 

2.78 V, respectively. A d.c. bias of 𝑉0 = 0.3 V is given to the tip. (d), (e), (f) show the number of 

electrons tunneled in a THz-STM for tip-vacuum-sample junction with 𝑊𝑠 = 𝑊𝑡 = 4.5 eV for 

total voltages shown in (a), (b) and (c) respectively. Tip height is 0.5 nm and the THz-STM is 

operated in vacuum (𝜖𝑟=1, 𝑋 = 0 eV). 

The effects of time-dependent bias voltage 𝑉𝑔(𝑡) = 𝑉0 + 𝑉𝑇𝐻𝑧(𝑡) on the ultrafast electron 

transport are demonstrated in Fig. 3. Figs. 3 (d), (e) and (f) show the number of electrons tunneled 

for different 𝑉𝑔(𝑡) shown in Figs. 3 (a), (b) and (c), respectively. For these calculations, the tip is 

given a positive bias of 0.3V and the THz field induced voltage 𝑉THz(𝑡) is increased keeping the 

tip height fixed at 0.5 nm. The work function of both tip and sample is assumed to be 𝑊𝑠 = 𝑊𝑡 = 

4.5 eV. The total bias voltage is large enough for the tunneling junction to operate in field emission 

regime  [23,24]. The total number of electrons tunneled is defined in Sec. II as 𝑁 =  ∫ 𝐼(𝑡)𝑑𝑡/𝑒
𝑡2

𝑡1
, 

where 𝐼(𝑡) is the time dependent tunneling current through the STM tip, 𝑡2 − 𝑡1 is the duration of 

interest and 𝑒 is the electron charge. The rectangular shape of N profiles represent the total number 

of electrons tunneled during 𝑡2 − 𝑡1, dividing the time axis into four segments. The tunneling 

current (or the number of electrons per pulse) increases rapidly with the bias. Here, a positive value 

denotes electron tunneling from sample to tip. These rectified electrons per pulse in a THz-STM 

can be manipulated by varying the bias voltage (polarity, amplitude) and THz field (polarity, 

shape, 𝐸THz,pk). For example, Figs. 3(a) and (d) show that, although the THz induced transient 

voltage 𝑉𝑇𝐻𝑧(𝑡) is negative for most part during 2ps – 3ps, a comparable (with respect to 𝑉THz,pk) 

d.c. bias voltage drives the net tunneled electrons in the positive direction. On the other hand, Figs. 
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3(e) and (f) show that, if the THz field strength is increased keeping the d.c. bias fixed, the 

asymmetry between the positive and negative cycle increases resulting in a better rectification. 

Note that, the shape of 𝑉THz(𝑡) is important in these studies. If 𝑉THz(𝑡) had a different temporal 

profile, the results would have been quite different. For better rectification and enhanced 

resolution, asymmetric single-cycle 𝐸THz(𝑡) pulses (like Fig. 2a) may be focused on the THz-STM 

tip. 

 

 

Figure 4. Time dependent tunneling current in a THz-STM for a sample having work function 

𝑊𝑠 = 4.08 eV  (Al), scanned by tips with work functions 𝑊𝑡 =  (a) 3 eV (Ca), (b) 4.5 eV (W), (c) 

5.1 eV (Au), and (d) 6.35 eV (Pt) in vacuum (𝜖𝑟=1, 𝑋 = 0 eV). STM tip is given positive bias of 

0.3 V, the peak THz voltage is 4.96 V, and the tip-sample separation is 0.7 nm. The temporal 

profile of 𝑉THz(𝑡) follows Fig. 1b. Inset figures at the top left corners show the approximate 

barrier between sample and tip during positive 𝑉𝑔 = 𝑉0 + 𝑉THz(𝑡) at the tip. The bottom right 

inset in (a) is for negative 𝑉𝑔 at tip. 

In Fig. 4 we investigate the time dependent quantum tunneling current in a THz-STM for 

a sample having work function, 𝑊𝑠 = 4.08 𝑒V  (Al) scanned by different STM probe tips with 

work functions 𝑊𝑡 =  3 eV (Ca), 4.5 eV (W), 5.1 eV (Au) and 6.35 eV (Pt). Similar to Fig. 3, we 

consider that the THz-STM is operated in vacuum (𝜖𝑟=1, 𝑋 = 0 eV), the tip is given positive bias 

of 0.3 V, and the dimension of the STM tip is 5 nm × 5 nm. In these calculations, peak THz 

voltage (4.963 V) and tip height (0.7 nm) are kept fixed. In the absence of THz field, for a d.c. bias 

of 0.3 V, the value of 𝐼0 = 3.0325 × 10−6 A, 4.0065 × 10−6 A, 2.0049 × 10−7A, and 5.529 ×

10−8 A for Figs. 4a,b,c, and d, respectively. Here, the STM tip and sample form an asymmetric 

metal-insulator-metal junction due to their inherent work function difference. Hence, the tunneling 

current is polarity dependent [23,26]. A tunneling junction operates in forward bias (FB) when the 

electrode with lower work function is positively biased (e.g. Fig. 4a with positive 𝑉𝑔 at tip) and in 

reverse bias (RB) when the electrode with higher work function is given positive bias (e.g. Figs. 

4b,c,d with positive 𝑉𝑔 at tip). This asymmetry between the positive and negative periods of 
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𝑉THz(𝑡) enhances rectification of the tip-vacuum-sample junction and increases with work 

function difference between tip and sample (Fig. 4). This is because the work function difference 

|Δ𝑊| between the two electrodes in a dissimilar MIM junction influences the potential barrier 

Φ(𝑥) profoundly [23]. The barrier height lowers significantly with large reverse bias (RB) in field 

emission regime  [23]. The inset figures in Fig. 4 show the approximate barrier heights between 

the Al sample and different tips. The actual barriers include image charge potential, space-charge 

potential, and exchange-correlation potential and are not sharp edged trapezoidal in shape as 

shown in the figure. Here, the inset figures are drawn only to demonstrate the effects of work-

function difference on the potential barrier profile and the tunneling characteristics. The top left 

insets show a positive 𝑉𝑔 = 𝑉0 + 𝑉THz(𝑡) at the tip. The bottom right inset in (a) shows a negative 

𝑉𝑔 at the tip. In field emission regime, the tunneling current is significantly higher in RB condition 

than the FB condition. That is why the negative peak and the positive peak of the tunneling current 

in Fig. 4a are almost identical even with a d.c. bias of 0.3V added to 𝑉THz(𝑡). The reverse bias 

(positive 𝑉𝑔 at tip) barrier heights for 𝑊𝑡 > 𝑊𝑠 with increasing Δ𝑊 = |𝑊𝑡 − 𝑊𝑠| are shown in 

insets of Figs. 4b,c,d. The asymmetry of the junction increases with Δ𝑊, resulting in an increased 

asymmetry between the positive and negative halves of the THz field. 

Note that, although the rectification improves when 𝑊𝑡 is increased, the peak current 

reduces since the electrons see a larger barrier. If we want to achieve similar asymmetry without 

degrading the tunneling current, the Al (𝑊𝑠 = 4.08 eV) sample should be scanned with a tip having 

lower work function and the polarity of d.c. bias 𝑉0 should be reversed, that is, positive 𝑉0 should 

be given to the sample to enhance the reverse bias. The influence of  Δ𝑊 on the I-V characteristics 

of a dissimilar MIM junction has been studied thoroughly in Refs.  [23,26] for both forward and 

reverse bias conditions. 

 

Figure 5. Number of electrons tunneled in a THz-STM for tip-vacuum-sample junction with 

𝑊𝑠 = 𝑊𝑡 = (a) 4.5 eV (W), (b) 5.1 eV (Au), (c) 6.35 eV (Pt). Tip height is 0.5 nm and the THz-
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STM is operated in vacuum (𝜖𝑟=1, 𝑋 = 0 eV). STM tip is given positive bias of 0.3 V and the 

peak THz voltage is 1.655 V. Solid and dotted lines are for calculations from SCM and Simmons 

formula  [25] respectively. The temporal profile of 𝑉THz(𝑡) follows Fig. 1c. 

In Figure 5 we study the effects of work function on the ultrafast electron transport of a 

THz-STM junction and compare the results with the widely used Simmons theory  [25,26]. 

Number of electrons tunneled is plotted as a function of time for various tip-vacuum-sample 

junctions with 𝑊𝑠 = 𝑊𝑡 = 4.5 eV (W), 5.1 eV (Au) and 6.35 eV (Pt). The THz-STM is operated 

in vacuum (𝜖𝑟=1, 𝑋 = 0 eV) and the tip is given positive bias of 0.3V. The tip height is 0.5 nm 

and the peak THz voltage is 1.655 V. From Fig. 5 we see that the number of tunneled electrons 

increases with decreasing work function. The potential barrier at the tip-vacuum-sample junction 

becomes narrower when the tunneling junction is formed between materials with lower work 

function. We also see that the difference between self-consistent model (SCM) calculation and 

Simmons formula increases with decreasing work function (Fig. 5). The underlying reason is that, 

the influence of exchange correlation potential  [39], which is ignored in Simmons formula, is 

profound in the field emission voltage regime  [23,24] where the THz-STMs are generally 

operated. This exchange-correlation potential reduces the potential barrier and increases the 

electron tunneling probability. Hence, Simmons formulas are not reliable to model ultrafast STMs, 

the quantum analysis of the tunneling junction using our SCM can give a more accurate estimation 

of the time dependent electron transport. 

 

 

Figure 6. Number of electrons tunneled in THz-STM for tip-vacuum-sample junctions with 

𝑊𝑠 = 𝑊𝑡 = 4.5 eV and 𝐷 = (a) 0.43 nm, (b) 0.5 nm (c) 0.8 nm. THz-STM is operated in 
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vacuum (𝜖𝑟=1, 𝑋 = 0 eV). STM tip is given positive bias of 0.3 V and the peak THz voltage is 

1.655 V. Solid and dashed lines are for calculations from SCM and Simmons formula [25], 

respectively. The temporal profile of 𝑉THz(𝑡) follows Fig. 1c. The area dimension of the STM tip 

is 10 nm × 10 nm. 

In Figure 6 we study the effects tip-sample separation 𝐷 on the ultrafast electron transport 

of a THz-STM and compare the results with Simmons theory. Number of electrons tunneled is 

plotted over a pulse duration for various tip heights, 𝐷 = 0.43 nm, 0.5 nm and 0.8 nm. The work 

function of both tip and sample is assumed to be 𝑊𝑠 = 𝑊𝑡 = 4.5 eV and the area dimension of the 

STM tip is assumed to be 10 nm×10 nm. The tip is given positive bias of 0.3 V and the peak THz 

voltage is 1.655 V. We see that the tunneling current depends sensitively on the tip height 𝐷. The 

number of tunneled electrons increases significantly even when the tip height is decreased slightly. 

This is quite common in a typical metal-insulator-metal (MIM) tunneling junction, where the 

quantum tunneling current increases exponentially with decreasing insulator 

thickness [17,18,21,23–26]. Fig. 6 also indicates that the difference between quantum self-

consistent model (SCM) calculation and Simmons formula increases with decreasing tip height. 

This trend is expected since the effects of exchange correlation potential, which is ignored in the 

Simmons formula, increases as tip height decreases  [44,45]. 

 

IV. SUMMARY 

We presented a theoretical study of ultrafast current transport at THz-STM junctions using 

a quantum mechanical self-consistent model  [23,24]. First we validated our calculation with 

recently reported experimental data  [17,18], and then we investigated the rectification property of 

the tip-sample junction for different material properties, barrier heights, tip-sample separations and 

bias voltages. We observed extreme THz pulse-induced current densities (greater than 109A/cm2). 

We found that Simmons formulas  [25,26] are not reliable to model ultrafast STMs since they 

operate in tunneling field emission regime where the effects of exchange-correlation potential 

become important. We also found that, current transport in ultrafast terahertz scanning tunneling 

microscopes greatly depend on the d.c. bias voltage (polarity, amplitude), incident THz field 

(polarity, shape, 𝐸THz,pk), work functions of STM tip and sample (especially their difference Δ𝑊), 

and tip-sample separation. Number of tunneled electrons increases when the THz field increases 

or the tip height decreases. In dissimilar tip-vacuum-sample junction, quantum tunneling current 

is polarity dependent and the junction is asymmetric. This asymmetry between positive and 

negative halves increases with the work function difference. Better rectification can be obtained 

when the tip-vacuum-sample junction is operated under reverse bias  [23,26], that is, the higher 

work function material is given a large positive bias. This study provides a framework for 

understanding the scaling of THz-induced currents in a THz-STM junction system, opening door 

for manipulation of the time dependent tunneling current. 
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In this formulation, we assumed the electron transmission probability during the emission 

process can be approximated by the WKBJ solution, where the metal electrodes are based on the 

free electron gas model. Although widely used, both the free electron gas model assumption and 

the WKBJ approximation need to be examined in future. The time-independent Schrödinger 

equation may be solved numerically to get a more accurate description of the transmission 

probability. Furthermore, we considered the tip and sample surface to be flat and the problem is 

one-dimensional, which might not be the case in practice  [17,18]. The effects of their geometry 

may be included in future works. Terahertz pulse coupling to an STM junction, the corresponding 

asymmetric field enhancement [46] and subwavelength confinement [47] may also be included in 

future studies, perhaps using the concepts of antenna theory [19,20,28,48]. We assumed both tip 

and sample to be metals in this study. In the future, semiconductor sample surfaces may be 

considered. Hence, ultrafast terahertz-induced band bending and non-equilibrium charging of the 

surface states may be investigated.  

 In this work, we argue that the electron tunneling time is negligible compared to the time 

period of the THz field  [16,33,35,49] and our solution of the time-independent Schrödinger 

equation can provide basic scaling of the tunneling current and rectification at the tip-sample 

junction. However, in order to study the electron dynamics on ultrafast time scale and to accurately 

account for the temporal dependencies of the nanoscale system, time-dependent analysis of the 

electron wave function may be performed. State of the art methods used for these kinds of studies 

include the time-dependent density functional theory (TD-DFT)  [50–52], the time-dependent 

density matrix model  [53–55], and the direct solution of the time-dependent Schrödinger 

equation  [56–59]. In the future, a thorough analysis of the time-dependent studies may be done to 

compare with our results and define regimes where the proposed simple DC model becomes 

inapplicable. 

Finally, it is worthwhile to point out that our models and results for the quantum tunneling 

current under ultrafast bias may also be beneficial to a variety of other applications beyond THz-

STM junctions, including ultrafast and nanoscale diodes  [60–62], ultrafast electron 

emitters  [56,57], quantum plasmonic dimers  [24,38], ultrafast photodetectors  [24,63], and 

nanoscale electrical contacts  [30,31,64–68] and junctions in advanced nanoelectronics  [63]. 

Future work may also identify the regime in which the d.c. models adapted in this work become 

invalid such that the theory of quantum tunneling current under oscillating bias  [56] has to be 

used.   
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