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Carrier transport after ultrashort-pulse laser excitation in dielectric materials leads to 10 MV m−1

electric fields: Transient birefringence and emission of terahertz radiation
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Charge-carrier transport is investigated theoretically in a high-band-gap dielectric material excited by intense
ultrashort laser pulses. Simulations of fused silica reveal that the photo-Dember effect causes a 107 Vm−1 electric
field to build up inside the material. It is shown that this electric field can induce a significant transient optical
anisotropy in the dielectric, which may help reconcile earlier reports of an ultrafast onset of birefringence in
highly excited fused silica. The time-dependent electric field will also lead to emission of a broadband THz
pulse propagating out from and along the dielectric surface.
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Introduction. The sudden generation of electron-hole pairs
near the surface of a band-gap material by a light pulse sets
up a transient electric field perpendicular to the surface. This
phenomenon, the photo-Dember effect [1,2], results from a
difference in electron and hole mobilities: The typically more
mobile electrons diffuse into the bulk of the material, leaving
a positive electric charge at the surface. This in turn generates
an electric field directed into the bulk that slows down the
electron diffusion and speeds up the holes. The electric field,
henceforth referred to as the Dember field, persists until the
electron-hole transport has terminated.

In semiconductors, the transient Dember field is widely
exploited in the generation of THz radiation [3–7]. However,
in the context of dielectrics, the photo-Dember effect is rarely
discussed, possibly because of their much lower electron and
hole mobilities compared to semiconductors, yet this over-
looks the fact that the Dember field depends on the relative
difference in electron and hole mobilities. Furthermore, the
ultrafast excitation of a dielectric has several properties that
could enhance the Dember field: The extremely nonlinear
photoexcitation process in dielectrics requires high intensities
to initiate strong-field excitation [8]. The electrons excited to
the conduction band are subsequently heated to large tem-
peratures by the laser pulse, multiplying the conduction-band
electron density by collisional excitation [9,10]. This rapid
increase in the electron-hole density shields the tail of the
laser pulse, leading to very steep density gradients and high
carrier temperatures [11,12], both of which will reinforce the
photo-Dember effect.

In this Letter, we show through detailed simulations that
the induced Dember field in highly excited dielectrics reaches
magnitudes of 107 Vm−1. The large Dember field has an inter-
esting consequence for the ensuing electron-hole dynamics: It
distorts the electron-hole distribution in reciprocal space (k
space) and may induce a transient electro-optical anisotropy
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in materials with nonparabolic conduction and/or valence
bands, thus possibly explaining prior observations of transient
birefringence in fused silica excited by an ultrashort laser
pulse [13]. We also calculate that a strong THz pulse is emitted
from and along the dielectric surface.

Simple physical picture. Consider the generation of an
electron-hole pair near the surface of a band-gap material in
a one-dimensional model, where transport proceeds along z,
perpendicular to the surface. The carrier concentrations are
denoted Ni, where i stands for either e (electrons) or h (holes).
Assuming for now, for simplicity, that the charge carriers are
nondegenerate, the charge-current density is

Ji = −(qi/e)μikBTi∇Ni + eμiNiED, (1)

where the first term represents diffusion (∇ = ∂/∂z) and the
last term represents drift in the Dember field ED. Note that
qe = −e, and qh = e. If the charge densities are sufficiently
large, ED will ensure that the electrons and holes move to-
gether and the total current cancels: Je + Jh = 0. This is the
condition for ambipolar diffusion. Assuming Ne ≈ Nh and
Te ≈ Th leads to the simple expression for the ambipolar
electric field [2]:

ED = kBT

e

(
μh − μe

μh + μe

)∇N

N
. (2)

According to the semiclassical model in solids [14], the
crystal momentum imparted to an electron by the Dember
field (directed along z) is

kz(t ) = − e

h̄

∫ t

−∞
dt ′ED(t ′)e−(t−t ′ )/τM . (3)

Here, τM is the mean electron-momentum relaxation time.
As a result, the electron-hole distributions are displaced in k
space as sketched in Fig. 1. If the change in k is a significant
fraction of the size of the first Brillouin zone, the optical
response of electrons displaced in the direction of ED may
change significantly. This can be seen by considering the non-
parabolic band structure εk(1 + αεk) = h̄2k2/2m: The effec-
tive mass m−1

ab = h̄−2∂2εk/∂ka∂kb now depends on k. When
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FIG. 1. Electron (blue) and hole (red) distributions in k space,
distorted by the Dember field ED. Energies are measured from the
vacuum level εvac while the quasichemical potentials ζi are measured
from (to) the band edges for electrons (holes). The upper left inset
shows the charge-density distribution at the dielectric surface (left)
that creates the Dember field.

kx ≈ ky ≈ 0, the ratio between the effective mass in z and
in x (or y) is mzz/mxx = 1 + 2αh̄2k2

z /m. Anisotropy emerges
because mzz increases more rapidly with kz (or decreases if
α < 0), an effect which was observed in a THz pump-probe
experiment on n-doped InGaAs thin films [15].

From Eq. (2) we can estimate the order of magnitude of
the Dember field. Consider InAs, an excellent emitter of THz
radiation by the photo-Dember effect. It has a high electron
mobility of μe = 4 × 104 cm2 V−1 s−1 and short absorption
length: about 150 nm for excitation with 800 nm light, with
excess electron energies of 0.5 eV [16]. Thus ∇N/N = 6.7 ×
106 m−1, kBT/e = 0.5 V, leading to a Dember field of ED =
3 × 106 Vm−1.

Note that the Dember field according to Eq. (2) does not
depend on the carrier density, only the carrier-density gradi-
ent, which, to first order, does not change with an increasing
fluence for direct photon absorption.

In wide-band-gap dielectric materials, where multiple pho-
tons are needed to bridge the band gap (nominally six
1.5 eV photons for SiO2), light absorption proceeds through
strong-field excitation [8]. This creates the initial seed of
electron-hole pairs, while the subsequent heating of the carri-
ers to very high temperatures by the trailing edge of the laser
pulse initiates collisional excitation, drastically increasing the
electron-hole pair density [9,10]. This nonlinear excitation
process results in very steep gradients in the electron-hole
density, leading to density gradients with length scales of
the order 10–100 nm [11–13] while electron temperatures
easily reach 104 K. With μe ≈ 10μh, Eq. (2) predicts that the
Dember field ranges from 107 to 108 Vm−1—this is larger
than ED in InAs, a state-of-the-art THz emitter. Moreover,
the Dember field displaces the electron-hole distribution in
k space; �k ≈ 109 m−1 according to Eq. (3), assuming an
electron-momentum relaxation time of 100 fs. This displace-
ment in k space is comparable to the size of the Brillouin zone,
and therefore significant birefringence is expected.

Transport model. Equation (2) shows that the magnitude of
the Dember field is directly proportional to the temperature.
This was derived for a nondegenerate electron-hole distribu-
tion; a proper description must consider the combined flow of
charge and kinetic energy that is valid also for a degenerate
electron-hole distribution. For simplicity, we assume that the
laser-excited electrons and holes thermalize in their respective
bands instantly during laser excitation so that their distribution
functions can be represented by quasi-Fermi energies εi

F and
temperatures Ti. Following Ref. [17], the kinetic (or internal)
energy-current density ui and charge-current density Ji are
expressed as

ui = −Li
11∇Ti/Ti + Li

12∇εi
F /e, (4a)

Ji = −Li
21∇Ti/Ti + Li

22∇εi
F /e. (4b)

The coefficients Li
ab are functions of Ti and εi

F and are
determined from the band structure (for details, see Supple-
mental Material [18]). The quasi-Fermi energy is the sum
of the quasichemical potential ζi and the electrostatic po-
tential φ induced by the Dember field (ED = −∇φ), thus
∇εe

F = ∇ζe + eED and ∇εh
F = −∇ζh + eED (see Fig. 1 for

the sign convention). Band-gap narrowing, which may be
several eV for carrier concentrations approaching 1028 m−3

[19–21], can be included as an additional potential; however,
first-principles calculations show that band-gap narrowing in
α-quartz depends mainly on carrier temperature [22], which
turns out to have small spatial gradients in our case, hence
this effect is ignored. Energy transport due to phonons is also
not included since this is negligible on the ultrafast timescales
that we consider here.

The current-density equations are related to continuity
equations for the kinetic (internal) energy density Ui and num-
ber density Ni as [17,23]

∂Ui

∂t
= −∇ · ui + ED · Ji + Hi − Li

ph − Li
eh, (5a)

∂Ni

∂t
= − 1

qi
∇ · Ji + Gi. (5b)

The terms Li
ph and Li

eh represent energy losses due to inelastic
phonon scattering and electron-hole thermalization; Hi and
Gi are the source terms of internal energy and carriers from
the photoexcitation process. The Dember field ED is obtained
from Ampère’s law:

∂ED

∂t
= − 1

ε0ε∞
(Je + Jh). (6)

Simulations of fused silica. We calculate the photo-Dember
field in fused silica after excitation with an ultrashort laser
pulse. The band structure of the amorphous material is not
known, however it has been argued that it resembles the crys-
talline structures of SiO2 (α-quartz and β-cristobalite) with
effective mass mc = 0.5me in the conduction band [24] and
mv ≈ 10me in the valence band [25–27], and ε∞ = 3.8. To
investigate the effects of anisotropy induced by the Dember
field, we assume a nonparabolicity of α = 2 eV−1. Reported
electron mobilities of fused silica vary widely [28]. We as-
sume a reasonable electron-momentum relaxation time τM of
120 fs [29], chosen also because it provides a good match
with experimental data discussed later. The resulting electron
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mobility is 420 cm2 V−1 s−1, which we note is about 20 times
larger than measured [30] and calculated [24] values, obtained
for low carrier concentrations. In a highly excited dielectric,
carrier screening could significantly reduce or saturate carrier-
phonon interactions, leading to higher mobilities.

Under ambipolar diffusion, which can be established on
ultrafast timescales for high excitation densities, mainly the
least mobile charge carrier (here, holes) determines the dif-
fusion time because the Dember field forces the electrons
and holes to move together. Since no evidence of significant
carrier diffusion appears in the time-resolved data in fused
silica discussed later, we set μh = 2.1 cm2 V−1 s−1, but any
lower value is also consistent with the observed timescales.

Carrier-phonon coupling is expressed as Li
ph = gi

ph(Ti −
300 K) and electron-hole coupling as Li

eh = gi
eh�Ti (�Te =

Te − Th for electrons; �Th = Th − Te for holes). The coupling
constants are approximated as gi = Ci/τ where Ci is the heat
capacity and τ is a thermalization time [31]. Electron-hole
thermalization is fast: τeh = 10 fs [32]. From the computed
electron-phonon coupling strength in Ref. [33] we estimate
that τ i

ph ≈ 10 ps under the assumption that Ci ≈ 3
2 kBTiNi.

The density and temperature distributions of the electrons
and holes are obtained from the multiple-rate-equation (MRE)
model for excitation of dielectrics [9,26,27] coupled with
finite-difference time-domain simulations of ultrashort-pulse
propagation in the excited material [34]—for more details,
see Supplemental Material [18]. To mimic the experimental
conditions in Ref. [13], we excite fused silica with a 35 fs
temporally Gaussian laser pulse centered at 800 nm with a
fluence of 2.6 J cm−2. The electron-hole density N and their
temperatures (Te, Th) immediately after excitation are dis-
played in Fig. 2(a). The kink in the Dember field magnitude at
a depth of ∼380 nm stems from a small increase in the carrier
density (barely visible in the figure), which originates from the
MRE simulations and reflects the effect of the ponderomotive
energy shift of the band gap on the excitation.

The initial steep density gradients lead to fast diffusion,
which quickly builds up the Dember field ED. At the surface,
ED rises to 5 × 106 Vm−1 and reaches 8 × 106 Vm−1 a few
nm from the surface as shown in Fig. 2(b). The Dember field
subsequently follows the motion of hot carriers into the bulk,
which causes a fast decrease in ED at the surface: After 2 ps,
the peak of ED has moved 20 nm into the bulk. The electrons
and holes thermalize to a common temperature of 17 000 K
about 10 fs after excitation, and then cool very slowly because
of diffusion and energy transfer to the lattice [Fig. 2(c)]. We
have not included the effect of hot-electron emission from
the solid. This effect would increase ED at the surface, and
could lead to Coulomb explosion of a thin surface layer [35],
however the simulated carrier temperatures are too low for this
to be a significant effect.

Using Eq. (3), we calculate the crystal momentum kz im-
parted to electrons by the Dember field assuming τM = 120 fs.
The crystal momentum versus depth from the surface and time
is shown in Fig. 3(a). Near the surface, kz increases to about
25% of the size of the Brillouin zone (kBZ = π/4.9 Å). The
resulting time-dependent effective masses in z and x, averaged
over 20 nm from the surface, are displayed in Fig. 3(b): mzz

increases by a factor 3; mxx increases only slightly.

FIG. 2. (a) Simulated initial number densities and temperatures
of electrons (Ne, Te) and holes (Nh, Th) at t = 50 fs. Note that Ne ≈
Nh = N in this case. The dashed green curve shows, in relative
units, the spatial profile of the Dember field ED. (b) Spatial profile
of the photo-Dember field on a logarithmic depth scale at selected
times after excitation. (c) Time evolution of the temperatures and the
Dember field at the surface (z = 0). The shaded area centered at time
zero illustrates the intensity envelope of the excitation laser pulse.

The time-dependent anisotropic effective masses change
the optical response of the electron-hole plasma. In Ref. [13],
based on time-resolved reflectivity measurements of Rp and
Rs of strong-laser-pulse excited fused silica, it was con-
cluded that a transient birefringence was necessary to explain
the measurements. In Fig. 3(c), measurements performed at
700 nm and 60 ◦ angle of incidence are reproduced from
Ref. [13]. The solid lines are reflectivity calculations based
on a Drude model [36] (for details, see Supplemental Ma-
terial [18]) using the time-dependent effective mases in
Fig. 3(b) and assuming a constant Drude scattering rate of
� = 1.6 × 1015 s−1. The calculated curves were convolved
with a Gaussian kernel of 125 fs full width at half maxi-
mum to reproduce the slow buildup of the reflectivity, often
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FIG. 3. Simulated effects of the Dember field on electrons in
laser-excited fused silica. (a) Crystal momentum imparted to an
electron at time t at a depth z from the surface with τM = 120 fs.
(b) Time-dependent effective mass along z (mzz) and x (mxx), aver-
aged over a 20 nm depth from the surface. (c) Transient reflectivities
of p- and s-polarized light (Rp and Rs) for a 700 nm probe pulse
incident at 60 ◦ to the surface. Measurements are from Ref. [13]; solid
lines are calculations based on the model presented in the main text.

observed in such experiments [13,37]. The transient increase
in effective electron-hole masses reproduces the ultrafast drop
in Rp well, however the calculated Rs is too low compared
to the measurements; most likely the assumed band structure
does not accurately represent fused silica. Nevertheless, our
calculations show that the photo-Dember effect can have a
huge impact on the optical response through an induced op-
tical anisotropy. This significant effect has, to our knowledge,
previously been overlooked.

The transient Dember field also leads to emission of THz
radiation from the surface. We can treat the induced charge-
current density as a dipole source, since the wavelength of the
radiation is very large. The radiated electric field at a distance
r from the current-element source in the direction θ from z is
E (r, θ, t ) = (4πε0rc2)−1 sin θ

∫
(dJ (z, t )/dt )dV [38], where

the integration is over the laser-excited volume. Figure 4(a)
shows the radiated field integrated over z and normalized to
the cross-sectional area A of the laser spot and the inverse
distance (1/r) to the source. The radiation builds up rapidly
during the laser pulse due to fast diffusion of newly generated
electrons and holes. The spike around t = 50 fs is caused
by the slowing down of electrons due to the rapid buildup
of the Dember field. Because of the high excitation density,
ambipolar diffusion is established immediately after the laser

FIG. 4. THz pulse emitted from fused silica. (a) Instantaneous
electric-field strength in the far field, and (b) the associated power-
spectral density (PSD). The peak of the 35 fs pump pulse strikes
the material surface at t = 105 fs. (c) Polar plot of the emitted THz
electric-field magnitude from the sample surface. The blue-shaded
area represents the solid. The red arrow marks the direction of the
transient photo-Dember current.

pulse excitation, i.e., at around t = 140 fs, which leads to a
saturation of the achievable THz pulse energy (see Fig. 2 in
Supplemental Material [18]), at around 2.2 × 104 J/m4. To
put this number in perspective, imagine that the excitation
laser pulse of 2.6 J cm−2 has a beam radius of 100 µm: The
THz pulse energy is then about 22 pJ, which is easily measur-
able using standard electro-optic sampling.

We remark that the high laser fluence, considered here,
leads to ablation of the material. Motion of ions and possibly
excitation of coherent phonons could contribute to the THz
radiation. However, prior studies on laser ablation of fused
silica have found no significant ion motion before at least 3 ps
[39]. Therefore, THz radiation due to ion motion is probably
a small effect and is neglected in our model.

The estimated THz energy of 2.2 × 104 J/m4 here
achieved at 2.2 J m−2 is, according to simulations of the
photo-Dember effect in InAs, achieved already at approxi-
mately 100 times lower fluence [6]. This is not so surprising
as the process in SiO2 is based on strong-field excitation.

The dependence of radiated THz pulse energy on the
laser fluence is complicated, as the photo-Dember electric
field magnitude depends on the gradient of the electron-
hole density and their temperatures [Eq. (2)]. At increas-
ingly higher laser fluences, the electron-hole temperatures
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saturate due to avalanche ionization, where hot electrons and
holes cool by creation of additional carriers through impact
ionization.

The power-spectral density (PSD) of the THz pulse is dis-
played in Fig. 4(b), where the mean frequency of ∼11 THz is
highlighted (dashed line). The high THz-pulse bandwidth is a
consequence of the rapid growth of the Dember field given by
the laser-pulse excitation bandwidth of the densities; at very
short-pulse durations (10 fs), the THz bandwidth drops below
this limit, possibly due to the finite electron mobility (Fig. 2 in
Supplemental Material [18]). Part of the radiation undergoes
total internal reflection at the interface with air because of the
high refractive index at THz frequencies, 2.26 at 6 THz [40].
The far-field THz radiation pattern is shown in Fig. 4(c). The
total internally reflected wave cancels part of the radiation

emitted inside and close to parallel with the solid surface,
and produces evanescent THz waves propagating along the
dielectric surface.

Summary. We have shown that the photo-Dember effect
in highly excited dielectric materials leads to broadband
THz radiation and that it, for nonparabolic band struc-
tures, induces significant optical birefringence, despite the
very low electron-hole mobilities in dielectric materials.
The optical birefringence is a signature of the charge
carriers moving through the band structure under the elec-
tric field caused by the photo-Dember effect, which can
serve as an experimental probe of the internal electron-hole
dynamics [41,42].
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