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Optical Pump Rectification 
Emission: Route to Terahertz 
Free-Standing Surface Potential 
Diagnostics
L. Peters, J. Tunesi   , A. Pasquazi & M. Peccianti

We introduce a method for diagnosing the electric surface potential of a semiconductor based on THz 
surface generation. In our scheme, that we name Optical Pump Rectification Emission, a THz field is 
generated directly on the surface via surface optical rectification of an ultrashort pulse after which 
the DC surface potential is screened with a second optical pump pulse. As the THz generation directly 
relates to the surface potential arising from the surface states, we can then observe the temporal 
dynamics of the static surface field induced by the screening effect of the photo-carriers. Such an 
approach is potentially insensitive to bulk carrier dynamics and does not require special illumination 
geometries.

The diagnosis of electric surface potentials in semiconductors, arising as a result of the charged states at the 
surface of the material, together with the measurement of the dynamics of the surface carriers, has been at the 
heart of the development of many modern technologies1. In particular, in semiconductor technology, the map of 
surface carrier dynamics is of paramount importance in a number of industrial steps; for example, it is well estab-
lished that the surface states strongly influence the potential of Schottky junctions2. Many rising technologies, 
such as photovoltaics and tuneable metamaterials, rely on thin-layer semiconductors and surface engineering3, 4, 
requiring fast and in-situ monitoring of the surface properties, capable of evaluating the dynamics of carriers and 
static potentials at the surface.

There are several ways (e.g. surface-tunnelling microscopy5, 6) to investigate the nature of surface potentials. 
Optical approaches have been largely investigated as effective, non-invasive alternatives, particularly suitable 
when ultrafast carrier dynamics need to be reconstructed. In these scenarios, the Terahertz (THz) electromag-
netic radiation, lying in the electromagnetic spectrum between infrared and microwaves7, has been shown to be 
an important tool.

Optical Pump THz Probe (OPTP) is a well-established spectroscopy technique8–11 to monitor bulk 
photo-excited carrier dynamics. An ultrashort optical pulse is exploited to generate free electron-hole pairs, 
whereas a THz pulse is exploited to probe the excited semiconductor. The photo-carriers effectively screen the 
THz field, increasing the absorption of the sample: the measurement of the THz field hence provides a direct 
measurement of the photo-induced free electrons. By changing the relative delay between the exciting pulse and 
the measured THz probe, the dynamical response of the free-charges can be reconstructed. Such a technique is 
very popular to map the photo-carrier dynamics in bulk semiconductors, providing relevant information about 
their mobility and recombination time. OPTP can be used to reveal a vast array of information, such as the ultra-
fast carrier trapping in semiconductors12 and the electronic properties of nanowires13.

The OPTP technique can in principle be extended to measure surface photo-carrier dynamics, with 
an embodiment operating in reflection: a change in reflectivity of the sample can be related to the density of 
photo-generated electron-hole pairs, as is generally done in transmission. The optical penetration depth, when 
illuminating with photon energies largely exceeding the semiconductor bandgap, can be within the order of a few 
hundred atomic layers or lower14. This short depth results in the excitation of carriers in proximity of the surface. 
However, OPTP is in overall an approach weakly sensitive to surface dynamics. The most important limitation 
is that, in all practical scenarios, the THz penetration depth is usually very large, on the order of some tens of 
microns. This situation implies that the actual overlap between the THz decaying field and the photo-excited 
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layer is always quite weak and very weakly dependent on the carrier dynamics in the surface field region. Most 
importantly, OPTP is not directly sensitive to the surface potential.

Better approaches have been proposed in literature to analyse photo-excited surface carriers. The Dynamic 
Terahertz Emission Microscope (DTEM) is an extension of the Laser Terahertz Emission Microscope (LTEM)15, 16.  
In these techniques a pump laser is used to excite photo-carriers. The surface current generated by such 
photo-carriers is the source of a THz field, which is directly generated in the photo-excited region of the sample, 
in striking contrast with the OPTP. The DTEM has been applied to phenomenologically describe the THz gener-
ated by surge currents in a polycrystalline silicon solar cell17.

Moreover, LTEM based approaches allow information on the surface potential to be extracted. Very recently, 
it has been demonstrated that electrically induced changes in the surface potential of materials such as gallium 
nitride, where the generation mechanism is dominated by surge current effects, directly affects the THz gen-
eration. Here LTEM has been used to map changes in the THz spectrum induced by the surface potential15. 
Furthermore, LTEM has since been used to probe the surface potential of electrically biased silicon18. Mag-Usara 
et al. proposed the “double optical pump” THz time-domain emission spectroscopy, which maps the carrier life-
times by observing variation in the surge-current generated THz electric field when varying the delay between a 
THz generating pump and a second optical screening pump19.

A potential complexity of LTEM based approaches is that the relationship between the surface potential and 
the THz field is not direct: the surface field accelerates the surface photo-carriers, while the emitted THz is con-
nected to their motional dynamics. Most importantly, in low bandgap semiconductors, THz generation mecha-
nisms related to carrier dynamics (surge current generation and photo-Dember emission) are known to saturate 
quickly as the excitation increases. A recent study20 modelling photo-Dember carrier dynamics has attributed its 
saturation to the coulomb attraction. For excitation fluences of about tens of μJ/cm2, the THz emission is ruled 
by surface optical rectification.

In such regimes, the THz generation is directly related to a symmetry-breaking, static surface field which 
seeds optical rectification21. It is well established that the THz surface optical generation arises from a third order 
nonlinear effect involving the optical, THz and static surface field itself. The resulting THz field is then directly 
proportional to the surface field, with an important fallout in surface field monitoring that we will exploit in this 
paper. Very interestingly, in most semiconductor surfaces, such surface fields arise directly from the pinning of 
the Fermi Level induced by the surface states22. Thanks to this mechanism, the optical nonlinearity has been pro-
posed for probing surface states in topological insulators23.

In this paper, we investigate the use of optical rectification to probe the surface static potential dynamics of a 
semiconductor by inducing a population of photo-carriers in the surface field region. An ultrashort optical pulse 
interacts with the surface and, thanks to the presence of the electrostatic surface field, THz radiation is emitted 
via a third-order nonlinearity, while a second optical ‘screening pump’ is used to generate surface photo-carriers. 
Differently from OPTP, where the photo-carriers screen a THz field, here the photo-carriers screen the static field 
directly and hence inhibits the generated THz. We will assume a screening pump with typical penetration depth 
on the scale of the surface field region thickness. This translates to wavelengths of 800 nm or shorter in our case 
of study (InAs). We name our technique Optical Pump Rectification Emission (OPRE). It is worth noting that the 
screening of the propagating fields has a negligible role in the OPRE.

Similar to LTEM, our approach has the benefit of directly generating the THz field on the surface of the semi-
conductor, with the advantage of the THz emission being directly proportional to the surface potential. Moreover, 
OPRE can also be efficiently applied to low-bandgap semiconductors, where the nonlinear generation is the 
dominating mechanism. As such, we could measure a clear linear relation between the photo-excited charges and 
the screening optical energy.

This approach may then open up the possibility of using THz spectroscopy for quantitative analysis of the sur-
face potential distribution in semiconductors and, eventually, of the surface states. Moreover, our results demon-
strate that it provides an efficient alternative to OPTP and LTEM for the detection of the photo-induced surface 
carrier dynamics.

Optical Pump Rectification Emission
Before entering into the experimental details, it is useful to describe the general principle of the OPRE, together 
with a brief summary of the OPTP technique, which we will use in a reflection configuration as a benchmark 
for probing photo-induced surface carrier dynamics. Figure 1 sketches the interaction geometry in the two 
approaches, OPTP and OPRE in (a) and (b) respectively.

In the OPTP technique (Fig. 1(a)) a THz beam is used in reflection geometry to probe the surface carriers gen-
erated by a powerful screening pump. The pump has photon energies far exceeding the semiconductor bandgap 
and induces electron-hole free carrier pairs. The optical penetration depth depends on the strong single photon 
absorption process and, for a wavelength of 800 nm as used in this experiment is on the order of 140 nm14. Note 
that, in general, such penetration depths are not affected by the generated free-carriers until very high injections. 
The absorption process of the THz wave, conversely, is ruled solely by the contribution of free-carriers. Hence, 
the photo-induced charges screen the reflected THz wave. The absorption by free-carriers is weaker than the 
single photon absorption process therefore the THz penetration depth (on the order of 50 μm in undoped InAs24) 
is much larger than the penetration of the optical screening pump. We experimentally observe that this results 
in a small change in the reflectivity of the THz probe. In general, other important limitations arise from the fact 
that semiconductors usually exhibit a very high refractive index at THz frequencies25, hence the signal under 
investigation is normally superimposed with a large contribution originating from the Fresnel reflection. This 
aspect translates in the need of specific reflection geometries to suppress the strong linear reflection (e.g. the usage 
of a p-polarised field at the Brewster angle). Moreover, the optical pump can in principle produce an additional 
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change in the THz reflection coefficient through other nonlinear mechanisms, e.g. Kerr-cross phase modulation26 
unrelated to the surface free carrier concentration.

In the OPRE technique the THz wave is generated directly in the sample surface field region. It is important to 
stress that the underlying principle of surface optical rectification relies on a symmetry-breaking static (DC) 
surface depletion field = ˆE zEz

surf 27. The DC surface field is directed along the normal of the surface ẑ, as depicted 
in Fig. 1(b); together with the optical generating field (EG(ω) in the frequency domain) it contributes to the non-
linear surface polarization PTHz that acts as a source for the emission of a quasi-static THz field with frequency 
ωTHz ≪ ω, where

χ= ω −ω ω −ω ω ˆP E E z( : ; , 0): ( ): ( ): E (0) , (1)surf
THz G G

(3)
THz z

with χ(3) the third order nonlinear susceptibility tensor. The surface then behaves as an effective second-order 
material28. The elements of the resulting nonlinear susceptibility tensor χ(2) are:

χ χ ω ω ωω −ω ω = − .( : ; ) E (0) ( : ; , 0) (2)ijk z
surf

ijkz
(2)

THz
(3)

THz

The effective nonlinear coefficient is thus directly proportional to the DC surface field of the material. It is impor-
tant to stress that this quadratic contribution is not related to the quadratic nonlinearity of the medium. The THz 
wave is then generated by an equivalent second order optical rectification of the ultrashort pulse29. From Eq. (1), 
we shall expect a trend of the THz peak field of the form ∝E W ETHz G z

surf , where WG is the energy of the THz 
generating pulse, i.e. the generation efficiency is:

η = ∝ .
E
W

E
(3)

THz

G
z
surf

There are two important considerations that need to be addressed. The first is that, following Eq. (1), the THz 
source is entirely confined within the penetration depth of the optical field (140 nm at λ = 800 nm). With the 
generating volume decreasing as the wavelength decreases and can be as low as ~16 nm at λ = 400 nm14. The sec-
ond, following Eq. (3), is that the efficiency η directly reveals the DC surface field Ez

surf .
Before describing the role of the screening pump, it is important to clarify the nature of the DC surface 

field, which is directly related to the electric surface states of the semiconductor. To formalise the problem and, 

Figure 1.  A schematic of the excitation geometry of the InAs surface, depicting the relevant physical 
interactions, for OPTP (a) and OPRE (b) Band diagrams along the depth direction z, with the valence and 
conducting energies εv and εc are indicated in both cases. (a) A screening pump induces free electron-hole pairs, 
such free-carriers are generated mostly within the skin depth of the pump, indicated with the red arrow. The 
concentration of free-carriers changes the reflectivity of a THz probe. The skin depth of the THz is indicated in 
green. (b) The surface field EZ

surf  is indicated by the gradated arrow, resulting from the balancing of the surface 
charges (plus signs on the top) and localised free-electrons in the surface accumulation region (0 < z < Z0) and 
the spatial charge in the depleted (Z0 < z < Z0 + L) region. Free-electrons in the conduction band are indicated 
by black dots with minus signs, while εF indicates the Fermi level. The THz is generated by the interaction of the 
generation pump with the surface field, while the screening pump also generates free-carriers in this case, 
effectively screening the surface field EZ

surf .
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specifically, the band bending, we consider the general case of a p-type semiconductor (i.e. with Fermi-level 
approaching the valence band) and a band bending enriching of a negative charge region in proximity of the 
surface. It is important to note, however, that in many materials (e.g. InAs, which will be used in the experiments) 
a significant band bending also occurs in the undoped case, due to the significant charge of the surface states.

The electron/hole surface states of a semiconductor represent a perturbation to the charge balance. The total 
charge Qsurf, hosted by such surface states, needs to balance (and hence neutralise) the charge in the semiconduc-
tor. Such a charge is mostly confined in the band-bending region close to the material surface30, comprising the 
negative accumulation and Schottky depletion regions, represented in Fig. 1(b) for 0 < z < Z0 and Z0 < z < Z0 + L 
respectively.

The Schottky depletion region L is characterised by a constant density of space charge, resulting in a total 
charge QSc:

= −Q eN L, (4)Sc A

with NA the density of ionised acceptors. Close to the surface, the bending of the bands increases and the Fermi 
level approaches the conduction band minimum. Here the semiconductor has a narrow accumulation region rich 
of free-electrons with 2-dimensional concentration Ns

31, 32, the total charge is:

= − + .Q e N N Z( ) (5)Z s A 00

The total charge balancing the surface charge Qsurf in the band-bending region is then QZ0
+ QSc. In Fig. 1(b) we 

reported the energy level diagram in the surface accumulation and Schottky depletion regions. The surface charge 
Qsurf is represented on the top surface of the material. The free-electron charges are sketched behind the surface. 
They represent a large fraction of the total charge when the Fermi level is pinned well above the conduction band 
minimum. The biasing potential induced by the charge of the surface states gives rise to the DC surface electric 
field that seeds the four wave-mixing process in Eq. (1). The DC field immediately at the surface33 is then

= = −
+

= + + .z
Q Q e N Z L NE ( 0) [ ( ) ] (6)z

surf Z Sc
A s0

0

 

The DC surface field monotonically decreases with z in the Schottky region until it completely neutralises. 
In surface optical rectification, however, we can assume that a significant fraction of the generated THz can be 
attributed to the region between the surface and the electron accumulation layer (where the surface field is max-
imum and approximately constant) and is proportional to the electric field given by Eq. (6). This is also true in 
low-doped or intrinsic materials, as in those cases the DC surface field is only strong for z < Z0.

We can now take into account the role of the screening optical pump. When photoexcitation is included, hot 
carriers are induced in proximity of the surface, similarly to the case of OPTP. We will assume that, immediately 
after excitation, most of the photo-excited electrons are localised in the potential well and drift (because of the 
high mobility) towards the surface, screening the surface charges and hence the DC surface field Ez

surf . By assum-
ing that the saturation dynamics is effective within the typical THz timescales (our screening time resolution is 
within the order of 3 ps) the density of photo-electrons close to the surface layer can be approximated as a surface 
density nPh, which directly modifies Eq. (6):

= = + + − .z e N Z L N nE ( 0) [ ( ) ] (7)z
surf

A s Ph0

The carriers inhibit the DC surface field Ez
surf , effectively reducing the THz generation efficiency in proximity of 

the accumulation region (where the nonlinear conversion is stronger because of the high field). Relevantly, at low 
injections, the density of screening photo-electrons is proportional to the impinging optical energy. Neglecting 
the very small impinging angle difference between screening pump and THz generating pump, we expect a 
dependence of the type:

∝ +n z W W( ) ( ), (8)Ph G S

where WS is the energy of the screening pulse. For low energy, the modulation of the surface potential is the sole 
source of change, as the THz emission is not significantly related to the screening of any of the propagating fields, 
in stark contrast to OPTP where the photo-carriers screen the THz field directly by increasing its reflection.

Before closing this section, it is worth briefly discussing the expected dynamics of the photo-carriers. The total 
electromotive field for electrons is34

σ
= + +z z P dT

dz
eD dN

dz
E( ) E ( ) ,

(9)
surf

T
N Ph

z

with PT the thermoelectric power, T the temperature, DN the electron diffusion coefficient, NPh the volume density 
of photo-generated carriers and σ the conductivity. At high screening injections, we expect zE ( )z

surf  to be compa-
rable or smaller than the thermoelectric and diffusion terms in Eq. (9), hence other dynamics may become rele-
vant. It is outside the scope of this paper to discuss high-injection dynamics, but we can argue that, as the 
excitation increases, the depletion layer contracts because the band-bending is reduced by the accumulation of 
photo-electrons close to the surface. This means that we expect a saturation of the screening effect because most 
of the carriers will then be generated near or outside the surface field region. The motion of those carriers is then 
dominated by diffusion and thermal dynamics, only marginally contributing to further screening of zE ( )z

surf .
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Finally, the electromotive force affects both holes and electrons. In materials such as InAs, however, the mobil-
ities of the two carriers are rather different. This creates a mostly unipolar electron flow34, 35. Although a unipolar 
flow can induce photo-Dember THz generation, such generation is quite saturated at the high excitations consid-
ered here and has negligible s-polarisation contribution36.

Experimental Setup
Figure 2(a) and (b) show the experimental setup for OPTP (used as reference) and OPRE respectively. The 
excitation pulses are supplied by a 5 mJ-class Ti:Sa regenerative amplifier (Coherent Libra-He) generating 100 
fs pulses centred at λ = 800 nm, with a 1 kHz repetition rate. The beam diameter (intensity at 1/e2) d = 9 mm 
was determined via knife-edge technique. The setup comprises of three separate beam lines, the THz excitation 
pump (~1.5 mJ), the screening pump (~2.5 mJ) and the optical sampling probe (~1 µJ) for the detection. A THz 
electro-optic detection is implemented by co-propagating the THz field and the optical sampling probe in a 
standard 1mm thick <110> ZnTe crystal37. For the OPTP, the detection crystal and the probe polarisation are set 
to detect the p-polarised THz field. For the OPRE a s-detection is preferred as it is in principle unaffected by any 
carrier-mediated generation phenomena. As in standard TDS schemes, the time-domain traces are reconstructed 
by changing the delay td between the THz and the optical probe. The TDS signal is measured with a balanced 
photo-detection unit feeding a lock-in amplifier.

The main emitter consists of a standard 1mm thick <110> ZnTe crystal for the OPTP case that generates the 
THz probe. The sample under investigation is an undoped 0.5 mm-thick <100> InAs crystal, which is also used 
for generating the THz in the OPRE case. The typical semiconductor bandgap is on the order of 0.35 eV, much 
lower than the photon energy of 1.55 eV used for both the generating and screening pumps, translating to a skin 
depth for normal illumination on the order of 140 nm14. This value needs to be considered as an upper boundary, 
and it has been found that the skin depth decreases with the impinging angle38 of the optical beam on the surface. 
The angle between the screening pump and THz probe and between the screening pump and generating pump is 
fixed at 11.9° for both OPTP and OPRE respectively. This results in a temporal smearing and thus a resolution of 
the pump delay within the order of 3 ps.

A system of delay lines allows for the independent control of the group delay in the screening pump and opti-
cal probe lines.

For the OPRE case in Fig. 2(b), the generation mechanism of the s-polarised THz emission in InAs was con-
firmed to be optical rectification by rotating the polarisation of the generation pump: we observed a two-fold 
symmetry typical of optical rectification emission from surfaces36. This also allowed us to exclude any relevant 
contribution of the photo-Dember effect, which is unaffected by a change of polarisation36 and was not detectable 
for angles of minimum generation by optical rectification. In contrast to20, where the sample was rotated to sup-
press the surface optical rectification, we oriented the surface and the generating pump polarisation to maximise 
the nonlinear conversion efficiency.

Results and Discussion
As a benchmark of our technique, we measured the photo-carrier dynamics with a reflective OPTP trace for an 
undoped InAs substrate. In this experiment, the THz was generated by bulk optical rectification of 1 mJ optical 
pulses in a ZnTe crystal. Figure 3(a) reports a typical THz wave generated in the system, reconstructed in time 
against the delay td between the THz pulse and the optical probe pulse in the detection scheme (Fig. 2). The 
reflectivity of the sample for the THz probe was increased when a screening pump of 1 mJ was overlapped in the 

Figure 2.  Experimental setup for OPTP (a) and OPRE (b) diagnostics. The red and green beam paths denote 
the 800 nm optical and THz beam paths respectively. For both setups, the THz field is measured with a standard 
electro-optic detection36, which retrieves the change of polarisation of an optical probe of energy (~1 µJ) inside 
a ZnTe detection crystal (ZT1) due to the THz field. A delay line D1 control the delay td between the THz and 
the optical probe and allows for the reconstruction of the THz waveform. (a) The THz is generated by a ZnTe 
crystal (ZT2) converting a generation pump with a pulse energy of 1 mJ. (b) The THz is directly generated 
on the sample under investigation (InAs sample) converting a generating pump with energy 0.1 mJ. In both 
configurations, the relative angle between the screening pump beam and the THz probe beam (a) or optical 
generating pump (b) is 11.9°. The p-polarised screening pump energy was 1 mJ and 0.1 mJ for (a) and (b) 
respectively. The delay between the screening optical pulse and the generating optical pulse τs is controlled with 
the delay line D2 in both cases.
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sample. This is visible in Fig. 3(b) where we report the evolution of the THz waveform with the delay τs between 
the optical screening pump and the THz. The change of reflectivity is visible in a weak modulation of the THz 
wave that fades away for large delays. Reflective OPTP indeed allows for the carrier relaxation dynamics to be 
inferred from the change in reflectivity of the sample. The increase in reflectivity is related to the increased con-
ductivity due to the photo-carriers generated by the screening pump.

As stated above, the interpretation of the time-resolved or frequency resolved traces is quite complex because 
in many practical scenarios the penetration depth of THz and optical fields are rather different. Hence, the dis-
tribution of photo-carriers along z is very inhomogeneous on the scale of the THz penetration depth. This makes 
the modelling of the reflection using the standard Leontovich approach difficult39.

Most importantly, the key drawback of this technique is that the signal variation (and therefore the change 
in the THz signal) is very small when compared to the total signal received, as visible in Fig. 3(b). A better vis-
ualisation of the reflectivity change is obtained by plotting the THz peak field (measured for a fixed delay td = 0), 
as reported in Fig. 3(c). This is the measurement with the best contrast and the relative change in THz field is 
approximately 5 × 10−2. The RMS noise of this measurement was 8.2 × 10−3, resulting in a signal-to-noise ratio 
(SNR) lower than 8.6 dB.

Widening our comparison to the reflective electro-optic sampling approach40 (that estimates the carrier den-
sity from the optical reflectivity) we also experimentally observed a very faint relative change of the power of the 
reflected THz generating optical pump, which is on the order of 4 × 10−5.

Summarising, the OPTP approach leads to signal contrast on the order of 5 × 10−2, with a low SNR of 8.6 dB, 
in measuring the photo-carriers effect on the reflectivity. In addition, the observed carrier dynamics show a decay 
on the order of ns, as visible in Fig. 3(c). Such a decay time is compatible with the carriers’ recombination time 
and appears mostly unrelated to the dynamics of the surface potential, which are expected to occur at lower time 
scales.

In the OPRE setup, the generation is obtained directly on the InAs sample with a 0.1 mJ optical pump. A typ-
ical THz trace generated with this setup is reported in Fig. 4(a), and represented by the blue plot. The THz trace 
for a screening pump pulse of energy 0.1 mJ at maximum overlap (τs = 0) with the generating pump is reported 
in black. The contrast is clearly higher than in OPTP for a much lower THz pump pulse energy (0.1 mJ) and 
screening pump pulse energy (0.1 mJ): at τs = 0 we observe a relative change of around 87%, with no appreciable 
distortion of the waveform. Under measuring conditions, the laser source stability introduces noise with RMS 
relative to the peak field estimated to be lower than 3.5%. This gives rise to an SNR at maximum contrast of  30 dB.

Figure 3.  Reflective OPTP trace for an undoped <100> InAs substrate. (a) A typical THz waveform reflected 
by the InAs sample, for a generating pump energy of 1 mJ, as a function of the TDS delay td. (b) Measured 
THz field as reflected from the InAs substrate as a function of the TDS delay td and screening pump delay τs, 
for a THz pump energy and screening pump energy of 1 mJ. The delay τs = 0 represents the perfect temporal 
matching between the screening pump and the peak of the impinging THz wave. (c) Detail of the recovery of 
the peak THz field (td = 0) vs the screening pump delay τs.
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More importantly, we observe here rather different temporal dynamics. This is visible in Fig. 4(b), where we 
observe the change in the THz field with the delay τs for the whole temporal scale, and in Fig. 4(c), where we 
observe the recovery of the THz peak measured at td = 0.

Differently from the OPTP trace in Fig. 3(c), that shows a slow recovery in the ns range, the OPRE reveals a 
fast recovery immediately after the screening time τs = 0 We argue that OPRE perceives the modulation of the 
DC surface potential (which is established in a thin region), where the diffusion of photo-electrons (described in 
Eq. (9)) is a relevant process in InAs on the ps scale35, making it the source of these fast dynamics. This migration 
reduces the effective concentration of charges screening the DC surface electric field. A second, slower, dynamic 
is instead related to the recombination time, similarly to what we observed with the OPTP diagnostics. In sharp 
difference with the OPTP, however, the OPRE technique explicitly reveals the dynamics of carriers interacting 
with the DC surface field region.

For the data in Fig. 4, we found that the decaying curve can be fit by a combination of two exponential decays 
(reported in dashed black) with different time constants: a fast recovery time constant on the order of 50ps, that 
we can associate to the diffusion of the photo-carriers away from the surface-field region, and the much slower 
recombination time, above 1 ns (the fit of the fast recovery is quite sensitive to the estimation of the screening 
time). This description potentially provides another physical mechanism consistent with the need in literature to 
fit surface charge decay rates with two different time constants in experiments based on THz emission spectros-
copy41, e.g. when emitted by surge currents19. In fact, such an experiment could face a similar decay trend as in 
our OPRE case.

To further analyse the capability of the OPRE experiments, we studied the effect of the screening pump energy 
on the THz generation efficiency η defined by Eq. (3).

Specifically, we considered the reduced efficiency resulting from the screening pump by measuring the THz 
peak field, that occurs at τs = 0 and td = 0 (black plot in Fig. 4(a)). In Fig. 5 we report such a minimum for the 
efficiency at various screening pulse energies obtained from OPRE scans.

In line with Eqs (8, 9), as discussed previously, such a measurement is mapping the screening of the DC sur-
face field. As visible in Fig. 5(a), the THz field initially decreases linearly with the screening pump at low energy 
injection (better highlighted in Fig. 5(b)) for values below 2 μJ, whereas the dependence becomes more complex at 

Figure 4.  OPRE trace for an undoped <100> InAs substrate. (a) A typical THz waveform generated by the 
InAs sample, by a pump energy of 0.1 mJ, as a function of the TDS delay td. The blue plot is the TDS trace for 
no screening pump, the black plot is for a perfectly overlapped (τs = 0) screening pump of 0.1 mJ (b) Measured 
THz field as generated from the InAs substrate as a function of the TDS delay td and screening pump delay τs, 
for a THz pump energy and screening pump energy of 0.1 mJ. The delay τs = 0 represents the perfect temporal 
matching between the screening pump and the peak of the impinging THz wave. (c) Detail of the recovery of 
the peak THz field (td = 0) vs the screening pump delay τs. The dashed-plot represents the best fit with a double-
exponential trend. Under measuring conditions, the laser source stability introduces noise with RMS relative to 
the peak field estimated to be lower than 3.5%.
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high screening energies. This result is consistent with the prediction of the linear dependence between DC surface 
field and screening pulse energy (i.e. a quadratic dependence between the THz pulse energy and the screening 
energy). Such a linear dependence also occurs with the energy of the generating pump WG. From Fig. 5(b), we can 
appreciate that, in the case where WG = 0.5 mJ, the efficiency η for Ws ≈ 0 is approximately 35% the efficiency for 
WG = 0.2 mJ and 10% the efficiency for WG = 0.05mJ. This corroborates the hypothesis that the surface potential 
is screened by the surface carriers.

Conclusions
To conclude, we have proposed a new technique for mapping the DC surface potential in semiconductors. The 
THz field is generated uniquely in the DC surface field-region by optical rectification and the efficiency of the 
process is directly dependent on the DC surface field. We tested our method by analysing the inhibiting effect 
in the THz generation of photo-induced free-carriers by an optical screening pump. We observed that the THz 
generation is strongly inhibited by the presence of the photo-carriers and that the reduction of the efficiency gen-
eration is linear with the optical screening pump energy at low injections.

In addition, when compared to the standard OPTP, our enhanced sensitivity to the surface carriers is due to 
the inherent physical difference between the two methods, the OPTP approach being based on a screening effect 
of the charges on the THz probe, that increases its reflectivity, while our OPRE is based on a modulation of the 
generation directly related to the screening of the DC surface field. This was also confirmed by verifying the line-
arity of the reduction in generation efficiency with the optical energy.

Finally, as opposed to OPTP, which is not specifically related to carrier dynamics at the surface, nor directly 
related to the surface potential, the OPRE is directly related to the surface potential in semiconductors. This could 
lead to novel methods to qualify semiconductor surfaces with potential impact in electronics, photovoltaics and 
opticalsensors.

Da ta Availability.  The data sets for all the experimental figures are freely accessible at https://figshare.com/
articles/DataSet_Figures_3-4-5_zip/5211439.

References
	 1.	 Mönch, W. Semiconductor Surfaces and Interfaces, Springer Series in Surface Sciences (Springer Berlin Heidelberg Vol. 26, 2001).
	 2.	 Léonard, F. & Tersoff, J. Role of Fermi-level pinning in nanotube Schottky diodes. Phys. Rev. Lett. 84, 4693 (2000).
	 3.	 Burgelman, M., Nollet, P. & Degrave, S. Modelling polycrystalline semiconductor solar cells. Thin Solid Films 361, 527–532 (2000).
	 4.	 O’Hara, J. F. et al. Thin-film sensing with planar terahertz metamaterials: sensitivity and limitations. Opt. Express 16, 1786–1795 

(2008).
	 5.	 Brodde, A., Tosch, S. & Neddermeyer, H. Scanning tunnelling microscopy and spectroscopy on Cu(111) and Au(111). J. Microsc. 

152, 441–448 (1988).
	 6.	 Hörmandinger, G. Imaging of the Cu (111) surface state in scanning tunneling microscopy. Phys. Rev. B 49, 13897 (1994).
	 7.	 Horiuchi, N. Terahertz technology: Endless applications. Nat Photon 4, 140–140 (2010).
	 8.	 Nuss, M. C., Auston, D. H. & Capasso, F. Direct subpicosecond measurement of carrier mobility of photoexcited electrons in gallium 

arsenide. Phys. Rev. Lett. 58, 2355 (1987).
	 9.	 Greene, B. I. et al. Picosecond pump and probe spectroscopy utilizing freely propagating terahertz radiation. Opt. Lett. 16, 48–49 

(1991).
	10.	 Beard, M. C., Turner, G. M. & Schmuttenmaer, C. A. Terahertz Spectroscopy. J. Phys. Chem. B 106, 7146–7159 (2002).
	11.	 Ulbricht, R. et al. Carrier dynamics in semiconductors studied with time-resolved terahertz spectroscopy. Rev. Mod. Phys. 83, 

543–586 (2011).
	12.	 Uhd Jepsen, P. et al. Ultrafast carrier trapping in microcrystalline silicon observed in optical pump–terahertz probe measurements. 

Appl. Phys. Lett. 79, 1291 (2001).
	13.	 Joyce, H. J. et al. Electronic properties of GaAs, InAs and InP nanowires studied by terahertz spectroscopy. Nanotechnology 24, 

214006 (2013).

Figure 5.  (a) Generation efficiency η = ETHz/WG vs. screening pump energy Ws for three different THz 
generation pump energies WG. (b) Detail of the generation efficiency at low screening energies, showing the 
linear trend with the screening energy Ws.

https://figshare.com/articles/DataSet_Figures_3-4-5_zip/5211439
https://figshare.com/articles/DataSet_Figures_3-4-5_zip/5211439


www.nature.com/scientificreports/

9SCientifiC REPOrts | 7: 9805  | DOI:10.1038/s41598-017-08734-z

	14.	 Aspnes, D. E. & Studna, A. A. Dielectric functions and optical parameters of si, ge, gap, gaas, gasb, inp, inas, and insb from 1.5 to 6.0 
ev. Phys. Rev. B 27, 985 (1983).

	15.	 Sakai, Y., Kawayama, I., Nakanishi, H. & Tonouchi, M. Visualization of GaN surface potential using terahertz emission enhanced by 
local defects. Sci. Rep. 5, 13860 (2015).

	16.	 Tonouchi, M. Dynamic terahertz emission microscope. In ICECom, 2010 Conference Proceedings (IEEE, pp. 1–2, 2010).
	17.	 Nakanishi, H. et al. Visualization of Photoexcited Carrier Responses in a Solar Cell Using Optical Pump—Terahertz Emission Probe 

Technique. J. Infrared Millim. Terahertz Waves 37, 498–506 (2016).
	18.	 Mochizuki, T. et al. Probing the surface potential of oxidized silicon by assessing terahertz emission. Appl. Phys. Lett. 110, 163502 

(2017).
	19.	 Mag-usara, V. K. et al. Low temperature-grown GaAs carrier lifetime evaluation by double optical pump terahertz time-domain 

emission spectroscopy. Opt. Express 24, 26175 (2016).
	20.	 Héroux, J. B. & Kuwata-Gonokami, M. Photoexcited Carrier Dynamics in InAs, GaAs, and InSb Probed by Terahertz Excitation 

Spectroscopy. Phys. Rev. Appl. 7 (2017).
	21.	 Chuang, S. L. et al. Optical rectification at semiconductor surfaces. Phys. Rev. Lett. 68, 102 (1992).
	22.	 Mead, C. A. & Spitzer, W. G. Fermi level position at semiconductor surfaces. Phys. Rev. Lett. 10, 471 (1963).
	23.	 Valdés Aguilar, R. et al. Terahertz Response and Colossal Kerr Rotation from the Surface States of the Topological Insulator Bi 2 Se 

3. Phys. Rev. Lett. 108 (2012).
	24.	 Kaur, G., Han, P. & Zhang, X.-C. Transmission coefficient enhancement in undoped Indium Arsenide by high THz field. In 

Quantum Electronics and Laser Science Conference (Optical Society of America, p. QMB1, 2011).
	25.	 Grischkowsky, D., Keiding, S., Van Exter, M. & Fattinger, C. Far-infrared time-domain spectroscopy with terahertz beams of 

dielectrics and semiconductors. JOSA B 7, 2006–2015 (1990).
	26.	 Ponath, H.-E. & Stegeman, G. I. eds Nonlinear Surface Electromagnetic Phenomena, Modern Problems in Condensed Matter 

Sciences No. v. 29 (North-Holland; Sole distributors for the USA and Canada, Elsevier Science Pub. Co, 1991).
	27.	 Reid, M., Cravetchi, I. V. & Fedosejevs, R. Terahertz radiation and second-harmonic generation from InAs: Bulk versus surface 

electric-field-induced contributions. Phys. Rev. B - Condens. Matter Mater. Phys. 72, 1–9 (2005).
	28.	 Shen, Y. R. Surface Properties Probed by Second-Harmonic and Sum-Frequency Generation. Nature 337, 519–525 (1989).
	29.	 Rice, A. et al. Terahertz optical rectification from <110> zinc-blende crystals. Appl. Phys. Lett. 64, 1324–1326 (1994).
	30.	 Lüth, H. Solid Surfaces, Interfaces and Thin Films, Graduate Texts in Physics (Springer International Publishing, 2015).
	31.	 Olsson, L. et al. Charge accumulation at InAs surfaces. Phys. Rev. Lett. 76, 3626 (1996).
	32.	 Karlsson, H. S., Ghiaia, G. & Karlsson, U. O. Electron dynamics and accumulation on the InAs (110) surface. Surf. Sci. 407, 

L687–L692 (1998).
	33.	 Kawaji, S. & Gatos, H. C. Electric field effect on the magnetoresistance of indium arsenide surfaces in high magnetic fields. Surf. Sci. 

7, 215–228 (1967).
	34.	 Heyman, J. N. et al. Terahertz emission from magnetoplasma oscillations in semiconductors In Symposium on Integrated 

Optoelectronic Devices (International Society for Optics and Photonics, pp. 12–18, 2002).
	35.	 Reklaitis, A. Terahertz emission from InAs induced by photo-Dember effect: Hydrodynamic analysis and Monte Carlo simulations. 

J. Appl. Phys. 108, 053102 (2010).
	36.	 Reid, M. & Fedosejevs, R. Terahertz emission from (100) InAs surfaces at high excitation fluences. Appl. Phys. Lett. 86, 

011906–011906 (2005).
	37.	 Wu, Q., Litz, M. & Zhang, X. C. Broadband detection capability of ZnTe electro-optic field detectors. Appl. Phys. Lett. 68, 2924–2924 

(1995).
	38.	 Kovalenko, S. A. Descartes-Snell law of refraction with absorption. Semiconductor Physics, Quantum Electronics & Optoelectronics 

4, 214–218 (2001).
	39.	 Senior, T. B. A. & Volakis, J. L. Approximate Boundary Conditions in Electromagnetics (Institution of Electrical Engineers, 1995).
	40.	 Dekorsy, T., Zhou, X. Q., Ploog, K. & Kurz, H. Subpicosecond electric field dynamics in low-temperature-grown GaAs observed by 

reflective electro-optic sampling. Mater. Sci. Eng. B 22, 68–71 (1993).
	41.	 Li, G. et al. Evolution of terahertz conductivity in ZnSe nanocrystal investigated with optical-pump terahertz-probe spectroscopy. 

Appl. Phys. A 116, 45–50 (2014).

Acknowledgements
The research leading to these results has received funding from the People Programme (Marie Curie Actions) of 
the European Union’s Seventh Framework Programme FP7/2007-2013/ under REA grant agreement no. [630833] 
and [327627]. We acknowledge the support of the U.K. Quantum Technology Hub for Sensors and Metrology, 
EPSRC, under Grant EP/M013294/1. J.T. acknowledges the support of the EPSRC through the studentship EP/
N509784/1.

Author Contributions
L.P., A.P. and M.P. devised the experiment. L.P. built the experimental setup. L.P. conducted the experiment 
with the assistance of J.T. All authors analysed the data. All authors wrote the main text. A.P. and M.P. provided 
supervision of the experiment.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Optical Pump Rectification Emission: Route to Terahertz Free-Standing Surface Potential Diagnostics

	Optical Pump Rectification Emission

	Experimental Setup

	Results and Discussion

	Conclusions

	Da ta Availability. 

	Acknowledgements

	Figure 1 A schematic of the excitation geometry of the InAs surface, depicting the relevant physical interactions, for OPTP (a) and OPRE (b) Band diagrams along the depth direction z, with the valence and conducting energies εv and εc are indicated in bot
	Figure 2 Experimental setup for OPTP (a) and OPRE (b) diagnostics.
	Figure 3 Reflective OPTP trace for an undoped <100> InAs substrate.
	Figure 4 OPRE trace for an undoped <100> InAs substrate.
	Figure 5 (a) Generation efficiency η = ETHz/WG vs.




