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Active optical control of the terahertz reflectivity of
high-resistivity semiconductors
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We study theoretically and demonstrate experimentally light-controllable terahertz reflectivity of high-
resistivity semiconductor wafers. Photocarriers created by interband light absorption form a thin conducting
layer at the semiconductor surface, which allows the terahertz reflectivity of the element to be tuned be-
tween antireflective �R�3% � and highly reflective �R�85% � limits by means of the intensity and wave-
length of the optical illumination. © 2005 Optical Society of America
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Generation and control of pulsed and continuous-
wave terahertz (THz) radiation have received consid-
erable attention in the past few years.1–3 As more-
efficient THz sensors and sources become available,
there will be increasing research emphasis on ma-
nipulation of freely propagating THz beams for fu-
ture technology. Particular emphasis should be
placed on all-optical devices that allow transfer of in-
formation from the optical spectral band to the THz
band, opto-THz switches, and modulators.

High-resistivity semiconductors show a big poten-
tial for opto-THz coupling. On the one hand, in their
ground state they are transparent and virtually dis-
persion free for THz radiation. On the other hand,
photoexcited semiconductors exhibit a strong interac-
tion with THz light mediated by free carriers. Fine
tuning of the strength of the interaction by the inten-
sity of optical excitation then leads to interesting
phenomena that are directly utilizable for THz-light
modulation and switching.

Kröll et al.4 recently demonstrated a metallic anti-
reflection coating for the THz range by deposition of a
thin chromium layer onto a THz sensor. In this Let-
ter we show theoretically and demonstrate experi-
mentally that a thin photoexcited layer at the surface
of a semiconductor wafer can exhibit similar proper-
ties. In addition, the thickness of such a layer and its
complex refractive index in the THz range can be
tuned by variation of the wavelength and the inten-
sity of the optical illumination. Both antireflective
and highly reflective regimes can then be easily
achieved and used to modulate the amplitude or
phase of the THz radiation efficiently.

For a theoretical model, let us consider a structure
consisting of three media with plane-parallel inter-
faces: (i) a lossless low-impedance medium (denoted
by subscript 0) filling the half-space of the incident
wave (in our case it is an undoped semiconductor in
the ground state), (ii) a thin conductive layer with
thickness d1 (subscript 1), representing the photoex-
cited part of the semiconductor, (iii) and finally, a

half-space containing the transmitted wave filled
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with a lossless high-impedance medium, e.g., air in
our case. The THz refractive indices of these media
are N0=n0, N1=n1− i�1, and N2=1, respectively. The
reflection of the THz radiation on this structure (as-
suming sharp plane-parallel interfaces) is described
by amplitude reflection coefficient r, defined as5

r =
r12 exp�− 2i�N1d1/c� − r10

1 − r10r12 exp�− 2i�N1d1/c�
, �1�

where c is the speed of light in vacuum, � is the prob-
ing THz angular frequency, and r10 and r12 are the
Fresnel amplitude reflection coefficients describing
internal reflections within the photoexcited layer. In
our approximation, d1 is assumed equal to the pen-
etration depth of the optical pump beam in the semi-
conductor. Complex refractive index N1 depends on
the wavelength and intensity of the optical excita-
tion. For simplicity, Eq. (1) assumes normal incidence
of the probing radiation (i.e., that angles of incidence
�i in the three media are all equal to 0). However, if
d1 is replaced by d1 cos �1 in Eq. (1) and throughout
this Letter, expressions for an arbitrary angle of inci-
dence can easily be obtained.

When the photoexcited sheet is thin enough, i.e.,
when �N1��c / �2�d1�, which can be achieved at low
optical pump fluences, it may act as an antireflective
layer for the THz (probing) wave. Indeed, the nu-
merator of Eq. (1) vanishes for

N1 ���n0 − 1�c

2�d1
�1/2

�1 − i�. �2�

The problem can also be considered in analogy with
the theory of electrical circuits. The photoexcited
layer plays the role of a shunting impedance Z1, im-
proving the impedance mismatch between the bulk
semiconductor and the air. The thin-layer condition
described above means that d1 is much smaller than
the skin depth of the photoexcited sheet in the THz
range. It follows6 that Z1=1/ �d1�1�, where �1 is the

THz conductivity of the photoexcited sheet and im-
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pedance matching condition 1/Z1=1/Z0−1/Z2 reads
as

d1�1 = ��0/	0�n0 − 1�, �3�

where �0 and 	0 are the permittivity and the perme-
ability of vacuum, respectively. It is then straightfor-
ward to show that conditions (2) and (3) are equiva-
lent.

In the THz spectral range, the optical properties of
photoexcited semiconductors with free-carrier densi-
ties not exceeding 1018 or 1019 cm−3 can usually be
well described by the Drude model. The behavior of
the complex THz refractive-index versus carrier den-
sity is then characterized by a crossing of n1 and �1 in
the range 1015 to 1017 cm−3 for most common semi-
conductors, such as GaAs, InP, and Si. The values of
the crossing can be quite close to those required by
condition (2), depending on the optical and THz fre-
quencies used.

If the incident optical fluence is further increased
and the photocarrier density reaches sufficiently high
values that �1�c / �2�d1�, the exponential terms in
Eq. (1) can be neglected and the probing wave will
undergo reflection on a thick conductive sheet, yield-
ing reflection coefficient r close to unity.

For the experiments we used a Ti:sapphire multi-
pass amplifier delivering 1 mJ pulses with a duration
of 55 fs and a mean wavelength of 
=810 nm at a
repetition rate of 1 kHz. One part of the beam was
used for the sample excitation; its intensity was var-
ied using a pair of gradient neutral-density filters.
Another part of the beam was used for the generation
and detection of THz pulses in our time-domain THz
setup.7,8 We studied semi-insulating 0.35 mm GaAs
and 0.26 mm thick Si wafers. The sample was fixed to
a circular aperture with a diameter of 3 mm, which
was placed after the sample. The pump beam excited
a surface area with a diameter of 5 mm, which was
larger than that contributing to the measured THz
signal.

To record the reflectance spectra of the photoex-
cited sample we employed the configuration de-
scribed in Ref. 7. Briefly, a probe THz pulse is inci-
dent onto the input surface of an unexcited

Fig. 1. THz waveforms internally reflected at the photoex-
cited surface of a GaAs wafer for several pump pulse flu-
ences at 810 nm.
semiconductor, and it propagates through the sample
without attenuation toward the output surface. Sub-
sequently, when the entire THz probe pulse is inside
the sample, the input surface is optically excited by a
femtosecond pump pulse. The part of THz pulse E0�t�
that is directly transmitted through the output face
is used as a reference. The part reflected on the out-
put surface propagates back to the photoexcited in-
put face, reflects from its inner side, and is detected
as the first echo, E1�t�. It serves as an internal reflec-
tance probe. The complex reflectance spectrum of the
photoexcited surface is then equal to

r��� =
E1���

r0E0���
, �4�

where r0 is the amplitude reflection coefficient of the
unexcited GaAs surface.

Examples of reflected waveforms E1 for three dif-
ferent pump fluences are shown in Fig. 1. The refer-
ence waveforms E0 (not shown) are identical for the
three measurements. The variations of both ampli-
tude and phase of the reflection coefficient in the
antireflective (dashed curve) and in the highly reflec-
tive (dashed–dotted curve) regimes are clearly iden-
tified. The tuning curves of the THz reflectance ver-
sus pump intensity for selected THz frequencies are
shown in Fig. 2. The theoretical reflectance curves
were calculated using a numerical approach de-
scribed in Ref. 9. We assumed a linear absorption re-
gime with a negligible carrier diffusion on a time
scale of picosecond pump–probe delays, i.e., an expo-

Fig. 2. Power reflectance and phase change of the inter-
nally reflected THz wave versus incident optical pump flu-
ence � and the corresponding free-carrier density for two
optical wavelengths (a=1 for 810 nm and a=0.5 for 405

nm) in GaAs.
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nential decrease of the free-carrier density along the
surface normal. We took into account the interaction
of the THz radiation with both electrons and heavy
holes; their contribution to the optical constants was
described using the Drude model.5 This model fits the
experimental data well, with the exception of the
highest pump fluences. In GaAs, for these fluences
���70 	J cm−2�, nonlinear optical absorption pro-
cesses such as two-photon absorption and saturation
of single-photon absorption occur.7 A sign of these ef-
fects is the phase shift upon reflection, which reaches
values clearly below − owing to an increase of the
photoexcited layer’s thickness.

The simple analytical model introduced above pro-
vides a clear insight into the underlying physics of
the problem. However, its validity is expected to be
limited due to the gradient of the photoexcited car-
rier density along the surface normal. We found that
the analytical model is in semiquantitative agree-
ment with the numerical calculation. It significantly
differs from the numerical model only for very high
carrier densities and for large values of d1 (low ab-
sorption of the pump pulse). In both these cases a
relatively thick zone with a slowly variable carrier
density builds up where efficient absorption of the
THz radiation occurs. The analytical model then
overestimates the reflectance intensity (as discussed
below).

We studied the influence of layer thickness d1
(which is related to the pump pulse’s wavelength) on
the THz properties of the structure. Assuming a
Drude behavior of the photoexcited carriers, relation
(2) can be solved analytically. It follows that for free
carriers with properties similar to those in GaAs the
ideal thickness for the antireflective regime is
�10 	m (i.e., excitation close to the bandgap edge).

However, for such a layer thickness the relatively
low gradient of the free-carrier density leads to sig-
nificant absorption of the probing THz radiation at
high carrier concentrations; consequently, the high-
reflectivity regime cannot be achieved.

Similar behavior is expected when the diffusion
process of free carriers plays a role, as in the case of
silicon, for which the carrier lifetime is long.

Fig. 3. Internal power reflectance at 0.5 THz for Si opti-
cally excited at 810 nm. Bulk sample, d1=10.6 	m; thin
film, d1=4 	m.
The free-carrier lifetime in our Si sample was ap-
proximately 0.3 to 0.4 ms, which is close to the rep-
etition rate of the optical pulses. The effect is illus-
trated in Fig. 3: For high free-carrier concentrations
the results of the analytical model differ significantly
from those obtained with the numerical model, which
predicts the experimental values better. The differ-
ence between the experimental results and the nu-
merical model is due to carrier diffusion, which is not
taken into account by our model. In principle, the
high-reflectivity regime can be restored using semi-
conductor films deposited on insulating transparent
substrates, such as silicon on sapphire. In this case
the diffusion is suppressed and d1 is defined by the
layer’s physical thickness (dashed–dotted curve in
Fig. 3).

For the frequency range where the optical pulse is
strongly absorbed (d1�1 	m), the reflectance tuning
curve is significantly shifted toward high photocar-
rier densities, which may be hard to achieve. For ex-
ample, Fig. 2 shows the lower part of the tuning
curve for the optical pumping at 405 nm. The pen-
etration depth for this wavelength is �17 nm, and
the tuning curve is shifted by �2 orders of
magnitude with respect to that for the 810 nm
pump wavelength.

One can conclude that a very good choice consists
in using moderate penetration depths ��1 	m�—as
shown in Fig. 2 for a 810 nm pump—or thick films
(several micrometers) on transparent substrates. In
both cases a high modulation depth of the reflectance
is obtained.

In summary, we have demonstrated the possibility
of optical tuning of complex THz reflectance at semi-
conductor surfaces. In GaAs, we achieved outstand-
ing modulation of the reflected THz wave (R=3% to
85%) by means of both laser pump intensity and
wavelength switching.
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