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A B S T R A C T

Surface chemical doping is known to induce an interface dipole electric field, which has recently attracted 
considerable attention for its capacity to modulate the electronic and optical properties of semiconducting 
materials. InSb is considered one of the most promising semiconducting crystals due to its exceptional electron 
and hole mobility, surpassing that of other common III-V semiconductors. Here, we demonstrated the tuning of 
band gap renormalization in InSb (100) through in situ surface potassium atom doping, directly observed using 
time- and angle-resolved photoelectron spectroscopy. In addition, density functional theory calculations were 
performed to analyze the band gap evolution in InSb under the electric field perpendicular to the (100) crystal 
plane. Our study not only provides a clear observation of the band gap renormalization of InSb but also high
lights its potential to enhance practical applications in contemporary photoelectric devices based on InSb.

1. Introduction

InSb is considered as an alternative semiconductor for silicon elec
tron devices due to its exceptional electron mobility of roughly 7.7 × 104 

cm2 V− 1 s− 1 and narrow bandgap 0.18 eV at 300 K among III–V semi
conductors [1–4]. InSb semiconductor’s properties make it highly suit
able for applications ranging from infrared detectors and thermoelectric 
devices to high-speed electronics and potentially quantum computing, 
contributing significantly to various technological advancements across 
different industries [5–10].

A narrower band gap means that the semiconductor requires less 
energy to move electrons from the valence band to the conduction band. 
This property greatly affects the material’s electrical conductivity and 
enables low-energy consumption in integrated circuits. To enhance the 
optoelectronic properties of semiconductors, external fields are often 
used to manipulate and study their band gap renormalization. In-situ 
evaporation of alkali metal atoms onto the crystal surface will produce 
a surface dipole field, which is one of the most effective methods for 
studying the regulation of semiconductor electronic structure [11–13]. 
According to the data of Kang et al, a significant band gap renormali
zation of ~400 meV and indirect-to-direct band gap transitions is 
observed in layered transition metal dichalcogenides (TMDs) MX2 (M =

Mo, W; X  = S, Se, Te) semiconductors by surface doping of Rb atoms 
[11]. Additionally, black phosphorus shows a semiconductor-to-metal 
phase transition through the closing of its band gap using surface al
kali metal dopants [12,13].

In this study, we experimentally tracked the bandgap renormaliza
tion of InSb (100) by employing in situ surface electron doping along 
with time- and angle-resolved photoemission spectroscopy (TrARPES). 
TrARPES enables us to detect changes in the position of the valence band 
maximum (VBM) and conduction band minimum (CBM), allowing us to 
extract the band gap during early doping time [13–16]. At low doping 
densities, we observed only a common downward shift of the VBM and 
CBM, rather than a bandgap renormalization in energy space. With 
increasing doping time, a significant reduction in the band gap occurred 
at high doping densities. Moreover, density functional theory (DFT) 
calculations certify that the band gap shrink in InSb (100) can be ach
ieved by applying the electric field perpendicular to the (100) crystal 
plane. We believe that our study will enable InSb semiconductors to 
have wide-ranging applications and provide valuable insights to 
enhance the optoelectronic properties of other semiconductor materials.
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2. Experimental and computational details

Time-resolved ARPES measurements and Potassium (K) atoms 
deposition from a commercial gettter source were conducted in a high- 
vacuum chamber with a base pressure of 8 × 10-11 mbar, while main
taining the sample at 130 K. Our experimental setup utilizes a Ti: Sap
phire laser system that delivers pulses of 6 μJ with a repetition rate of 
250 kHz [16]. This setup includes a laser beam at 1.57 eV with a 50 fs 
pulse duration, used for pumping the sample, and another laser beam at 
6.3 eV generated through cascade frequency mixing in BaB2O4 (BBO) 
crystals, which is employed to probe photoexcited states in the sample. 
The pump beam injects onto the sample before the probe beam at the 
positive delay time, while the illumination order of the two beams is 
opposite at the negative delay time. The sample of InSb (100), mounted 
on a cryogenic manipulator, was probed using p-polarized light at an 
incident angle of 45◦. Besides, the overall energy resolution of the 
experiment is ≅ 30 meV, the angle resolution is 0.5◦ and the cross 
correlation between pump and probe pulses has full width at half 
maximum (FWHM) of 160 fs. Before the TrARPES measurements, InSb 
(100) wafers have been cleaned by means of repeated cycles of Ar ion 
sputtering and subsequent annealing at 700 K in a high-vacuum cham
ber, and then were orientated using low energy electron diffraction 
pattern. In all photoelectron spectra, the energy zero was aligned with 
the Fermi level, which was referenced to a copper plate in electrical 
contact with the samples. No charging effects were observed during the 
measurements.

All DFT calculations were performed using Materials Studio 2017 
with the Dmol3 software [17,18]. The crystal used in this study was 
cubic with space group F43 m, having lattice parameters of a = b = c =
6.63 Å. A generalized gradient approximation was used with the 
Perdew-Burke-Ernzerhof exchange correlation function [19]. The 
following configurations were chosen for the geometry optimizations: 
convergence standards of 10− 5 Ha on energy, 2 × 10− 3 Ha/Å on the 
force, and 5 × 10− 3 Å on displacement. The Brillouin zone was sampled 
using a 4 × 4 × 4 Monkhorst-Pack grid [20–22]. The electric field is 
applied exclusively in the direction perpendicular to the (100) crystal 
plane and is specified in the format [X 0 0]. (where X is any value in 
atomic units; 1 atomic unit = 51.42 V/Å). The bands have been shifted 
to put the maximum of the valence band at 0 eV.

3. Results and discussion

The evaporation of alkali metals onto semiconductor surfaces re
leases electrons, which accumulate over the band-bending region that 
extends over at least a few atomic layers, where the field is non-zero. The 
formation of dipoles is directly proportional to the surface density of 
alkali atoms [12,13]. Fig. 1 (a) depicts a schematic of an InSb (100) 

crystal with an external electric field perpendicular to the (100) crystal 
plane. In general, an external electric field induces the Stark effect and 
the Stark effect manifests differently at various electric field strengths. 
As illustrated in Fig. 1(b), both the valence band and conduction band to 
move in the same direction in energy space under low electric fields, 
while band gap renormalization occurs under a large electric field. 
Fig. S1 (a, b) show the Raman spectroscopy and time-resolved ARPES of 
pristine InSb (100) with a pump fluence of 65 μJ/cm2 at the positive 
delay time of 3.5 ps, respectively. The peaks at 191 cm− 1 and 180 cm− 1 

correspond to LO and TO phonon modes shown in Fig. S1 (a), respec
tively, which is agreement with the previous study of InSb (100) by 
Raman spectra [23]. In terms of the probe beam of 6.3 eV, the detected 
kz value can be estimated according to the formula of 

k2 = (2m(Ek cos θ2 + V0)/ℏ2)1/2(1)                                                      

where m is the electron effective mass along the kz direction, θ is the 
emission angle, V0 is potential parameter, Ek is the kinetic energy of the 
emitted free electrons and ℏ is reduced Planck constant. The inner po
tential V0 is roughly 11 eV [24], the hole effective mass is roughly 0.43 
mo (mo is free electron mass) [25–27], and the kinetic energy of the 
emitted electrons from the valence band top is roughly 1.89 eV, there
fore the kz value is roughly 1.21 Å− 1 when the photon energy of 6.3 eV is 
normal incidence. The lattice constant of cubic InSb is 6.47 Å (π/6.47 =
0.48 Å− 1), which implies that the kz value is roughly |ГX|/2.

As shown by the red and blue dotted curves in Fig. S1(b), the fitting 
curves reproduce the dispersion of both valence and conduction bands 
along the Γ-X direction with a high degree of accuracy. The band 
dispersion is fitted by a parabolic expression, 

E = ±(δ+ (ℏkx)2/2mx)(2)                                                                    

where E is energy, δ is a constant, mx is the hole (mh) or electron (me) 
effective mass, kx is the wave vector and ħ is the reduced Planck con
stant. The mh is roughly 0.431 ± 0.001 mo, which is agreement with the 
previous report [25,26], and the me is roghly 0.041 ± 0.001 mo that is 
larger than the previous data of 0.014 mo [25,26]. The discrepancy 
could be attributed to the different kz values from Γ and the fact that the 
fit is based on the band edge rather than the band center. The band gap 
at 130 K is approximately 0.30 eV, determined by the difference be
tween the VBM and CBM acquired at the positive delay time of 3.5 ps. A 
delay time of 3.5 ps is sufficient to observe the CBM [28]. According to 
the temperature-dependent bandgap relation studied by Littler et al. [2], 
the band gap is expected to be approximately 0.22 eV at 130 K. In 
addition, the exciton binding energy (0.5 meV) of the InSb semi
conductor [29], is negligible compared to the band gap of approximately 
300 meV. Therefore, the difference of 80 meV is mainly due to our 
detected kz value is roughly |ГX|/2. Next, we started the following K 
atom doping measurements based on the 0.30 eV band gap.

Fig. 1. (a) Schematic of InSb (100) crystal with an external electric field perpendicular to the (100) crystal plane. InSb has a cubic crystal structure. (b) Stark effect 
under different electric field strengths. CB, VB and Eg represent the conduction band, valence band and band gap between the conduction band bottom and valence 
band top.
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As shown in the second-derivative TrARPES maps (Fig. 2(a-c)) ac
quired at negative delay time of 0.2 ps at 130 K with a pump fluence of 
65 μJ/cm2 derived from Fig. S2 (a, c, d), the bottom of the conduction 
band becomes increasingly apparent with longer K atom doping time. At 
early doping time (Fig. 2(a)), the conduction band could not be visual
ized by TrARPES at negative delay time, but one can see the downshift of 
valence band in energy space. Fortunately, the band gap can be obtained 
by positive second-derivative TrARPES shown in Fig. 2(d) even at early 
doping time. Fig. 2(d-f) shows corresponding second-derivative K- 
doping-dependent TrARPES maps acquired at positive delay time of 3.5 
ps derived from Fig. S2 (e, g, h). We used second-derivative ARPES maps 
in the main text of this work. We continued to use the hole effective 
masses of 0.431 ± 0.001 mo and electron effective masses of 0.041 ±
0.001 mo to fit the dispersion of the valence and conduction bands in the 
second-derivative TrARPES maps. The fitting curves accurately repro
duce the dispersion of both bands along the Γ-X direction. The band gap 
is roughly 0.30 eV at the doping time of 1 min. Then, the conduction 
band bottom can be observed at moderate doping level even without 
pump light (Fig. 2(b)), and the band gap is 0.25 eV. Finally, the valence 
band shifts upward and conduction band shift downward relative to the 
Fermi level, which leads to the band gap renormalization of roughly 
0.09 eV ascribed to the giant Stark effect shown in Fig. 2(c). The doping 
density is proportional to the doping time [13]. Generally, the surface 
photovoltage (SPV) phenomenon takes place following photoexcitation 
of a semiconductor. Fig. S3 shows the pump-dependent SPV amplitude 
in InSb (100) at negative delay time of 0.2 ps. The SPV amplitude is close 
to saturation at 0.03 eV after irradiation by the pump fluence of 50 μJ/ 

cm2. In order to clarify the influence of pump pulses on the band 
movement, all K-doped photoelectron intensity maps shown in Fig. S2(a, 
b, c, d) were acquired at negative delay time of 0.2 ps.

Fig. 3 (a-d) show the evolution of electronic energy bands of bulk 
InSb single crystal as a function of the external electric field. For 
simplicity, we neglected the spin–orbit coupling effect, which resulted in 
a calculated band gap of approximately 0.6 eV, larger than the actual 
value of 0.24 eV for pristine InSb (100) at 2 K [2]. In spite of the dif
ference of 0.36 eV, we still observe the band gap renormalization. We set 
the VBM to 0 eV, and as the electric field increases, the conduction band 
moves downward in energy and then the band gap decreases. The CBM 
and VBM nearly overlap when the electric field is 10.8 V/nm, a phe
nomenon attributed to the Stark effect. Furthermore, the energy level 
splitting occurs under external electric field in our calculations, which is 
similar to the early work on the electronic structure modulation of InSb 
nanowires and nanofilms under external electric field using an eight- 
band model [30]. The different effects of the Stark field on the heavy- 
hole valence band, light-hole band, and conduction band could be 
attributed to their distinct band structures, specifically the varying 
scattering mechanisms from defects, phonons, and intervalley transi
tions under external fields [31].

In addition, compared to the band gap, which began to decrease from 
approximately 0.05 V/nm in the previous study on layered black 
phosphorus (BP) [13], our value of approximately 2.5 V/nm is signifi
cantly larger. Such a significant difference may be attributed to the 
following factors. First, heavier atoms generally exhibit higher polariz
ability due to a larger number of electrons and larger atomic size. The 

Fig. 2. (a-c) Second-derivative K- doping-dependent TrARPES maps acquired at negative delay time of 0.2 ps at 130 K with a pump fluence of 65μJ/cm2 derived from 
Fig. S2 (a, c, d). (d-f) Corresponding second-derivative K- doping-dependent TrARPES maps acquired at positive delay time of 3.5 ps at 130 K with a pump fluence of 
65μJ/cm2 derived from Fig. S2 (e, g, h). We used second-derivative ARPES maps in the main text of this work. ND and PD represent the negative delay time (the 
pump light of 1.57 eV injects after the probe light of 6.3 eV) and the positive delay time (the pump light of 1.57 eV injects before the probe light of 6.3 eV). We 
multiplied the signal at a positive energy by a factor of 5 in order to visualize the conduction and valence band on the same color scale. The band gaps are indicated in 
the panels.
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polarizability of a material can increase with the number of electrons, 
which is related to the atomic mass. Greater polarizability typically re
sults in a higher dielectric constant. In semiconductors, a higher 
dielectric constant results in a stronger shielding effect against exter
nally applied electric fields. This is because the dielectric constant in
dicates the material’s ability to polarize in response to an electric field. A 
rough estimate of the relative polarizability between InSb and BP could 
be made using the atomic polarizability data (which generally scales 
with atomic size and number of electrons). Given that In (Atomic 
number 49) is much heavier than P (Atomic number 15), we expect InSb 
to have a greater polarizability than BP. Therefore, InSb has a higher 
dielectric constant than BP. InSb has a dielectric constant of around ∊r 
~17 at room temperature [32], which is quite high compared to BP, 
whose dielectric constant varies, but for the anisotropic form, it can be 
around ∊r ~ 8 − 12 along different directions [33]. For a rough estimate, 
InSb could need the electric field of 2 times stronger than BP to induce a 
band gap renormalization. Second, the electronic structure of InSb (a III- 
V semiconductor) and BP (a layered material, like graphene, but with 
intrinsic anisotropy) is different, which affects how the materials 
respond to external electric fields. To summarize, the heavier elements 
in InSb (compared to BP) would indeed affect the Stark effect, likely 
leading to a stronger screening to the external electric field due to a 
larger dielectric constant. However, the correction from atomic mass 
alone is unlikely to explain the full factor of 50 discrepancy. The 
discrepancy is likely due to additional effects, such as the anisotropic 
nature of BP, band structure differences, or perhaps an incomplete 
model for the Stark effect in this context. A more detailed calculation, 
including specific polarizability data and considering the anisotropy and 
electronic structure of both materials, would be needed to make a more 
precise estimate of the correction in future.

4. Conclusions

In conclusion, we investigated the evolution of the band structure of 
bulk InSb (100) as a function of potassium atom doping density using 
time-resolved ARPES. Due to the generation of numerous dipoles at the 
InSb interface, our measurements show both band movement and band 
gap renormalization, attributed to the Stark effect. In addition, we 
simulated the external-electric-field-dependent band structure of InSb 
by DFT calculations. We observed not only a reduction in the band gap 
but also splitting of the energy levels. Our study provides insights into its 
optoelectronic properties and potentially enhancing the performance of 
multifunctional devices using InSb semiconductors.
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