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The transient current response of bulk GaAs and InP is investigated at ultrahigh electric fie
On ultrashort time scales, the electronic system is far from equilibrium and overshoot velocities
high as8 3 107 cmys are observed. Our studies also lead to a detailed understanding of the io
response of polar semiconductors. For the first time, carrier motion is determined with a resolutio
20 fs at fields up to130 kVycm. The dependence of the ultrafast dynamics on material and elect
field provides new insights into the microscopic mechanisms governing nonequilibrium transp
[S0031-9007(99)09427-2]

PACS numbers: 78.47.+p, 42.65.Re, 72.15.Lh, 72.20.Ht
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The ultrafast transport response of polar semicondu
tors biased at high electric fields is of fundamental in
terest in the physics of semiconductors. In recent yea
numerous purely optical investigations have monitored t
femtosecond dynamics of carrier energy distributions [1
However, only a few studies of ultrafast high-field trans
port have been reported [2–5]. Furthermore, the transp
experiments have primarily focused on the carrier acce
eration and largely ignored the effects of the ionic lattice

In this Letter, we present the first direct measurement
the femtosecond dynamics of high-field transport of ca
riers and ions in GaAs and InP crystals under conditio
of extreme nonequilibrium. This goal is accomplished v
direct detection of the amplitude and phase of the infrar
radiation emitted by accelerating charges. We find th
the polar crystal lattice contributes significantly to the cu
rent transients on femtosecond time scales, in contras
the usual assumption that only the electronic part is im
portant. We can isolate the contributions of carriers an
the lattice, and determine the transient acceleration a
velocity of carriers with a time resolution in the order o
10 fs. The maximum velocity overshoots and travelin
distances during the nonequilibrium regime are direct
measured for the first time. These observations allow
to determine the influence of various scattering process
on the dynamics of electron transport. Distinct difference
are seen between GaAs and InP and interpreted in ter
of the different band structures and coupling strengths
these important materials.

The basic idea of our experiment is to exploit the ele
tromagnetic radiation emitted by an accelerating char
as a probe for ultrafast transport in semiconductor
Electron-hole pairs are generated near the fundamen
gap in ap-i-n diode [6]. We work with 12 fs laser pulses
of a central photon energy of 1.49 eV and a bandwidth
120 meV. An electric field is applied over the intrinsic re
gion by biasing the diode. The ultrafast separation of th
photogenerated electrons and holes under the influence
the electric field creates a sheet of accelerating charg
In the far field, the amplitude of the THz radiation emitte
by each dipole is proportional to the time derivative of th
0031-9007y99y82(25)y5140(4)$15.00
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current, determined by three processes: (i) the femtose
ond acceleration of free carriers in the electric field an
their deceleration due to carrier-phonon scattering, (ii) th
collective response of the polar crystal lattice reacting
the rapid change in the internal electric field caused b
the motion of free carriers, and (iii) a current drop as th
carriers leave the intrinsic zone within a few ps.

The excitation beam is made convergent by an of
axis parabolic mirror and hits the sample 12 mm befo
the confocal region under a grazing angle of incidenc
of 70±. The spot size on the large-areap-i-n diode is
3 mm by 1 mm. In this way, carrier densities can b
kept low around5 3 1014 cm23 to avoid field screening,
carrier-carrier scattering, and optical rectification. Th
THz signal is monitored at the position of the focus o
the reflected pump light. This special geometry ensur
that all excited elementary dipoles add up constructive
in the sampling point and the resulting THz transient
identical to the radiation emitted by a single electron-ho
pair. All experiments are performed at room temperatur

We apply ultrabroadband electro-optic sampling [7,8
to detect the bremsstrahlung. The electric field of the TH
transients induces birefringence in an electro-optic crys
and the difference in refractive index is probed by a tim
delayed laser pulse which is coupled collinearly into th
THz beam via a500-mm Si filter coated with 4 nm of Au.
Our data are obtained with two different detectors:k110l
oriented ZnTe and GaP with a thickness of approximate
8 and 13 mm, respectively. After the sensor, the prob
beam is transmitted through a quarter wave plate and sp
by a Wollaston prism [7]. The normalized differentia
signal DIyI between the polarization components of th
probe is proportional to the momentary THz electric fiel
present in the electro-optic crystal.DIyI is analyzed by
shot-noise limited differential detection with a relative
sensitivity of1028 Hz21y2. The spectral bandwidth of our
system approaches 70 THz [8].

Figure 1 depicts the THz signals for GaAs and In
at various dc electric fields, as measured with the ZnT
detector. These transients reflect the time dependence
the free carrier and ionic charge acceleration as discuss
© 1999 The American Physical Society
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FIG. 1. THz transients from GaAs [(a)–(d)] and InP [(e)–(h)
p-i-n diodes for different bias fieldsE and at 300 K. Note the
different scales of the abscissa.

above. The free carrier part of the data is dominat
by the dynamics in the conduction band due to the lo
effective mass of the free electrons: For electric field
E below or close to the Gunn threshold, i.e.,4 kVycm
in GaAs and12 kVycm in InP, the momentum relaxation
by polar-optical scattering confines most of the electro
to theG valley. In both materials, an acceleration perio
lasting approximately 350 fs is indicated by the positiv
THz field [Figs. 1(a) and 1(e)]. The small negativ
amplitude at later times is caused by the decrease
current related to carriers leaving the intrinsic region
the p-i-n diode. In addition to the radiation of the free
carriers, the signals also demonstrate the oscillation
the ions in the polar crystal lattice: The polarizatio
originating from the displacement of the electron-ho
pairs leads to a small but ultrafast change of the intern
electric field. The polar crystal lattice becomes excite
impulsively since the ions accelerate towards their ne
equilibrium positions [9]. As a result, a componen
oscillating with the LO phonon frequency (8.8 THz in
GaAs and 10.3 THz in InP) is superimposed on the sign
originating from free carrier transport. These oscillation
decay with time constants in the order of 5 ps, reflectin
the LO phonon dephasing via anharmonic interactions.

When the bias field is increased to24 kVycm in GaAs
[Fig. 1(b)], the situation changes distinctly and a stron
negative signal indicating a fastdeceleration of charges
appears between 250 and 700 fs: The momentum g
from the field is now much stronger than the polar-optic
momentum loss and the electrons reach average veloci
substantially above the equilibrium drift (velocity over
shoot). The subsequent transfer into theL and X val-
leys of the conduction band (G to L splitting in GaAs:
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330 meV) leads to a reduction in mobility and a fas
deceleration. Consistent with the stronger polar-optic
scattering and higher intervalley threshold (approximate
600 meV) in InP, the negative signal connected to the ove
shoot phenomenon is much less developed at a compa
ble electric field [Fig. 1(f)]. When the field is increased to
60 kVycm, the nonequilibrium features in both materials
become faster [Figs. 1(c) and 1(g)]. Finally, at fields in
the order of100 kVycm in GaAs, the initial acceleration-
deceleration cycle of the electrons approaches the oscil
tion period of the zone center LO phonon (115 fs) and th
energy content of the radiation emitted at the LO frequenc
becomes very prominent [Fig. 1(d)]. These resonant co
ditions are not yet reached in InP at90 kVycm [Fig. 1(h)]
since the largerG-L splitting results in a longer accelera-
tion regime for the electrons while the LO cycle is slightly
shorter in this compound (98 fs).

In Fig. 2, the THz signals from the GaAs sample ar
presented on an expanded time scale. Here, the transie
have been corrected for the response of the GaP det
tor [8]. These data allow a precise determination of th
time it takes to reach the maximum velocity in thep-i-n
structure: This value is given by the first zero crossing o
the corrected THz transients (marked with arrows) whic
corresponds to zero average acceleration. The maximu
velocity is measured to occur after 200 and 120 fs a
bias fields of 30 and62 kVycm, respectively. These find-
ings are in good agreement with Monte Carlo simulation
modeling ultrafast transport of photocarriers [10]. To ou
knowledge, the measurements represent the first direct c
firmation for the correctness of a semiclassical descriptio
of transport on a time scale of 10 fs. The experiments als
provide information at higher fields where no theoretica
calculations are presently available in the literature. W
find the highest drift velocity to occur after an acceleratio
regime as short as 55 fs at130 kVycm. Based on the as-
sumption of ballistic transport within theG valley in such
a high field, we calculate a lower time limit of 40 fs for
the electrons to gain the energy necessary for intervall
scattering. Since the velocity peaks already 55 fs after e
citation, we estimate an extremely short value of 20 fs fo
the effective transfer time into the side minima.

FIG. 2. (a)–(d): Early time regime of charge acceleration i
GaAs at different electric fieldsE. The temporal positions
corresponding to the maximum current are marked with arrow
5141
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The interplay between electronic and ionic contribu
tions to the femtosecond charge acceleration is dem
strated in Fig. 3. In Fig. 3(a), the original THz signa
from the InP emitter at a bias field of90 kVycm is shown.
This transient has been corrected for the response of
ZnTe electro-optic sensor [8]. The THz electric fiel
ETHzstd is proportional to the second time derivative o
the free carrier displacementDstd minus the lattice polar-
izationPstd:

ETHzstd ~
≠2

≠t2 fDstd 2 Pstdg . (1)

In the frequency domain,Dsvd andPsvd are connected
via the frequency dependent linear dielectric functio
´svd [11]:

Psvd ­ f1 2 ´svd21g 3 Dsvd . (2)

Thus, the spectrum of the electromagnetic transie
results from the free-carrier displacement renormalized
´svd21:

ETHzsvd ~ v2 3
Dsvd
´svd

. (3)

The influence of the polar lattice is clearly visible in
the Fourier transform of the THz transient [Figs. 3(b) an
3(c)]: The amplitude spectrum is sharply peaked at the L
phonon frequency of InP because the real part of the
electric function goes to zero. Consequently, any elect
disturbance aroundnLO is strongly enhanced [Eq. (3)].
In contrast, a minimum is found at the TO phonon re
onance sincej´svdj has a maximum atnTO. A phase
shift of p occurs betweennTO andnLO. It is connected
to the retarded response of the ion lattice. In a narro
band aroundnTO, our data contain no physical informa
tion since the values fall below the noise level.

FIG. 3. (a)–(c): Time trace, amplitude, and phase spectru
for the overall current change (including the polar lattice) in In
at a bias field of90 kVycm. (d)–(f ): Free carrier contribution
to the signals after correcting for the linear dielectric function
5142
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The free carrier contribution to the THz emission
obtained by correcting the amplitude and phase spectr
the original signal with the dielectric function of InP [12]
according to Eq. (3). The results are seen in Figs. 3
and 3(f): We get a continuous rolloff of the amplitud
between 2 and 20 THz and the phase shift at the
frequency is removed. The inverse Fourier transform
the corrected spectra represents the relative accelera
of electrons and holes in the time domain [Fig. 3(d)].

It has to be emphasized that our analysis of t
radiation from coherent phonons is valid only in the lim
of an extremely thin dipole layer (the intrinsic zone) o
a conducting half space (then1 substrate) where the
emission characteristics is frequency independent [1
When free carriers are excited in the surface field o
dielectric half space [14,15], additional effects arise sin
the deformation of the dipole lobes strongly reduces T
emission into free space at frequencies with a large va
of the dielectric function [13,15].

Our measurement allows us to obtain quantitative v
ues of the electronic transport parameters as follows: In
grating the corrected THz transients twice in time yields
quantity that is proportional to the average carrier displa
ment. After a few ps, all carriers have left thei region of
the diode, and the double integrals saturate at a cons
value that can be equated with the known effective wid
of the high-field zone. In this way, a calibration factor
obtained for the time dependent carrier displacement
its derivatives, the average velocity and acceleration.
an example, the drift velocity is depicted versus time f
InP at90 kVycm in Fig. 4(a). The transient velocity ex
hibits a distinct maximum originating from the velocit
overshoot of the electrons in theG valley before they get
scattered to the low-mobility side valleys. We note th
the peak velocity of8 3 107 cmys is an order of magni-
tude higher than the equilibrium drift velocity of electron
of 0.8 3 107 cmys [16]. The equilibrium drift velocity for
holes at90 kVycm is approximately1 3 107 cmys [17].
Our results for the drift velocity after the initial nonther
mal regime (e.g., after approximately 0.5 ps in Fig. 4) a
in excellent agreement with the sum of the known electr
and hole equilibrium velocities. The carrier displaceme
in InP at90 kVycm is shown in Fig. 4(b): A strongly non-
linear initial regime (I) is followed by equilibrium transpor
(II). After approximately 1.5 ps, the displacement starts

FIG. 4. Drift velocity (a) and electron-hole displaceme
(b) versus time in InP at90 kVycm.
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level off because the amount of carriers having left the dr
region becomes significant (III).

We can also estimate the coherent displacement
the atoms quantitatively, taking into account the effectiv
charge of the unit cell and the density ratio between fr
electrons and lattice sites. Surprisingly, it turns out th
the maximum amplitude of the relative vibration of th
ions in InP at90 kVycm is 10216 m, i.e., approximately
7 orders of magnitude smaller than the lattice consta
This finding demonstrates a unique sensitivity of ou
measurements for nuclear motion.

In Fig. 5(a), the maximum drift velocities are depicte
versus electric field: Above50 kVycm, the values are
higher in InP due to its larger intervalley threshold energ
as compared to GaAs. Figure 5(b) displays the electro
hole displacement reached at the point of maximum dr
velocity as a function of electric field. For comparison
the calculated distance necessary for an electron to g
an energy equivalent to theG-L splitting is presented
for GaAs (dashed line) and InP (full line): In the limit
of weak scattering within theG valley, the maximum
velocity is expected to occur after a transit length clo
to the distance it takes for the electrons to reach t
intervalley threshold. This picture is found to be valid a
high fields. In this regime, the nonequilibrium transpo
of electrons is influenced only by the efficient momentu
redistribution due to interaction with intervalley phonon
via the deformation potential.

FIG. 5. (a) Maximum drift velocity and (b) carrier displace
ment reached at the point of maximum drift velocity versu
electric field. The calculated drift distances to gain a field e
ergy corresponding to the intervalley thresholdDEGL are de-
picted for GaAs (dashed line) and InP (solid line), respective
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In conclusion, we have directly investigated femtose
ond transport in polar semiconductors under high elect
fields in a regime where the free carriers are far from eq
librium. The current response in GaAs and InP is studi
with a temporal resolution of 20 fs and in a previous
unexplored regime of electric fields of up to130 kVycm
using a powerful experimental technique. The measu
ments provide direct insight into the influence of diffe
ent scattering processes and band structure effects on
ultrafast electronic conduction in these materials. Coh
ent excitation of the crystal lattice is found to contribu
significantly to the charge acceleration on ultrashort tim
scales. The ionic part of the measured current chan
emerges from the coupling between free carrier displa
ment and lattice polarizability via the linear dielectri
function of the polar materials.
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