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Femtosecond high-field transport in compound semiconductors

A. Leitenstorfer,* S. Hunsche, J. Shah, M. C. Nuss, and W. H. Knox
Bell Labs, Lucent Technologies, 101 Crawfords Corner Road, Holmdel, New Jersey 07733

~Received 27 August 1999; revised manuscript received 4 February 2000!

A study of nonequilibrium transport of carriers in GaAs and InP at electric fields up to 130 kV/cm and with
a temporal resolution of 20 fs is presented. All measurements are carried out at room temperature. The THz
radiation originating from the ultrafast current change in a photoexcited semiconductor device is measured by
ultrabroadband electro-optic detection. We probe the influences of two important lattice scattering processes on
electron acceleration. Distinct differences are seen between GaAs and InP and interpreted in terms of the
different band structures and coupling strengths of these important materials. The maximum velocities and
carrier displacements achieved under nonequilibrium conditions are measured directly. Peak velocities of 6
3107 and 83107 cm/s are obtained in GaAs and InP, respectively. The distances achieved during the over-
shoot regime are found to depend strongly on electric field and material. A displacement as large as 120 nm
builds up in less than 200 fs at a field of 60 kV/cm in InP. These findings are important for the design of
modern high-speed devices. Coherent excitation of the polar crystal lattice is observed and demonstrated to
result from the coupling between free carrier displacement and material polarization via the linear dielectric
function. Our experiment is sensitive to collective displacements of the lattice ions with an amplitude as small
as 10216 m.
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I. INTRODUCTION

The high field transport properties of semiconductors r
resent a central area in both solid state physics and engin
ing. From a fundamental point of view, the detailed und
standing of the femtosecond dynamics of carriers in
electric field is a key issue in many-body physics. As
example, one may ask whether the well-developed semic
sical picture of electronic conduction breaks down on
trafast time scales and at very high electric fields.1 Elements
of quantum transport beyond the Boltzmann equation m
become significant.2 In addition, exploring transient high
field transport experimentally is also motivated by the ne
to obtain information relevant for the design of ultrahig
speed electronics. Quantitative information, e.g., on
length scales connected with non-equilibrium effects,
highly desirable for developing and optimizing devices su
as heterojunction bipolar transistors~HBTs! and high-
electron mobility transistors~HEMTs!.

In the past decade, many experimental studies probing
ultrafast dynamics of theenergy distributionof electronic
excitations in semiconductors have been published.3 Much
less measurement has been carried out to investigate fe
second transport in high electric fields which is linked to t
dynamics of themomentum distributionof carriers.4–11

Since direct experiments probing nonequilibrium tran
port on the relevant time scales on the order of 10 fs w
missing, this subject had to rely widely on theoretical calc
lations based on the semiclassical Boltzmann equation.11–16

To date, related models are in application in the enginee
of submicron semiconductor electronics.17,18

In this paper, direct and quantitative measurements of
high-field acceleration of free carriers in GaAs and InP w
a time resolution of 20 fs are presented. The experiments
on ultrabroadband electro-optic detection of the THz elec
magnetic transients emitted after photoexcitation of cha
PRB 610163-1829/2000/61~24!/16642~11!/$15.00
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carriers in a semiconductor material under high electric fie
The time resolved THz field amplitude serves as a probe
the momentary charge acceleration in the sample.

A short version of this work has been publishe
recently.19 The present article contains additional data an
more detailed discussion. It is organized as follows. After
Introduction, a description of the experimental technique
given in Sec. II. Crucial issues, mainly connected to the
trabroadband nature of the measurements, are discu
Section III introduces the reader to the fundamental phys
processes and concepts which are necessary for a qualit
understanding of transient high-field transport. In Sec.
the experimental data are presented and the results are
lyzed. The measured THz transients and a qualitative in
pretation of the features depending upon electric field a
material are contained in Sec. IV A. In the next step~Sec.
IV B !, the data are corrected for the frequency response
the electro-optic detectors and the quantitative time inform
tion is compared to theoretical simulations found in the
erature. Section IV C explains the separation of free car
and lattice contributions to the signals. A method to quan
tatively calibrate the measured carrier accelerations, vel
ties and displacements is described in Sec. IV D and a
tailed analysis is added. The observed amplitude of
coherent excitations of the polar crystal lattice is discusse
Sec. IV E. Finally, a conclusion is given in Sec. V.

II. EXPERIMENTAL TECHNIQUE

Our experimental method is based on ultrabroadband
tection of the electromagnetic field emitted by accelerat
charges. The time resolved electric field amplitude is an id
probe for ultrafast transport processes since it its proportio
to the momentary current change in a photoexcited semic
ductor structure.

The experimental setup is depicted schematically in F
16 642 ©2000 The American Physical Society



or

a
2
e
s
o

T

x

s

ga
on
r
-
o

n
th
on
(
ne
n
as

u
a

n
rin
en
rig

n

a

heet
z

t is
is
-
ra-
f
the

he
ted

on
non

e-
x-
lter
-

e

n-
X.
of

ce
ith

two

e-
o the

.
h a

-
Hz

on
m-
g

ob-

l of
ted
en

that
ner-
me
a-
ry
le

e-
n

rea

re
f

rys
BS
xis
d;
en
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1: A frequency doubled cw-Nd:vanadate laser~Nd:YVO!
serves as a highly stable and powerful pumping source f
home-built mode-locked Ti:sapphire oscillator.20 This laser
delivers ultrashort light pulses of a duration of 12 fs with
central photon energy of 1.49 eV and a bandwidth of 1
meV at a pulse repetition rate of 82 MHz. Following th
resonator, the pulses are sent through a prism compre
~PC! which compensates for the group velocity dispersion
the output coupler and the optical elements in the setup.
laser beam is then divided by a pellicle beam splitter~BS!.
The transmitted pump pulses are focused with an off-a
paraboloidal~OP! mirror ~focal length f 550 mm) and di-
rected towards a large-areap- i -n ~PIN! diode, the semicon-
ductor THz generator. We have investigated devices ba
on GaAs (Egap51.43 eV) and InP (Egap51.34 eV), two im-
portant high-speed materials with the fundamental band
well matched to the photon spectrum of our excitati
pulses. The angle of incidence on the sample is 70° towa
the surface normal. Thep- i -n device is situated 12 mm be
fore the focus of the convergent pump beam. The diode c
sists of a 5 nm semitransparent Ti top contact, a 20 nmp1

region, and a 500 nm high-purity intrinsic zone MBE grow
on n1 substrate. High electric fields can be applied over
intrinsic region by biasing the diode in the reverse directi
All experiments are performed at room temperatureT
5300 K). The internal field in the diode is determined onli
via electro-reflectance spectroscopy exploiting the Fra
Keldysh effect21,22with the broadband optical pump beam
a sampling source.

A laser power of 15 mW is absorbed over a sample s
face of 3 mm times 1 mm. Each pump pulse creates
extremely low density of 531014 electron-hole pairs per cm3

in the high-field zone. As a result of the small carrier co
centration, screening of the bias field and Coulomb scatte
due to the photocarriers are negligible. The low peak int
sity of the pump pulses also ensures that THz emission o
nating from nonresonant optical rectification23 may be ne-
glected in comparison to the contribution from femtoseco
charge transport.

The rapid separation of the photogenerated electrons

FIG. 1. Experimental setup for the high-field transport measu
ments. Charge carriers are generated by a 12 fs laser pulse o
Ti:sapphire laser in the reverse biasedp- i -n diode~PIN!. The emit-
ted THz transient is detected with the help of an electro-optic c
tal ~EOX!. PC: prism compressor for dispersion compensation;
beam splitter; VD: variable optical delay; P: polarizer; OP: off-a
paraboloidal mirror; Si: high-resistivity silicon window, Au-coate
l/4: quarter-wave plate; WP: Wollaston prism; Diff. Det.: differ
tial detector.
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holes under the influence of the electric field creates a s
of Hertzian dipoles. In the far field, the amplitude of the TH
radiation emitted by each elementary dipole in the shee
proportional to the time derivative of the current which
determined by three processes:~i! The femtosecond accelera
tion of photocarriers in the electric field and their decele
tion due to scattering processes,~ii ! the dielectric response o
the polar crystal lattice reacting on the rapid change of
free carrier displacement, and~iii ! a later current drop due to
the carriers leaving the intrinsic zone within a few ps. T
early parts of the electromagnetic transients are domina
by nonequilibrium transport and contain direct informati
concerning microscopic phenomena such as electron-pho
scattering mechanisms.

The THz transient is emitted in the direction of the r
flected pump light, summing all contributions from the e
cited elementary dipoles. It passes a high-resistivity Si fi
~Si! of a thickness of 500mm and is detected by an electro
optic crystal~EOX! which is situated at the position of th
focus of the reflected excitation beam.

We employ ultrabroadband electro-optic sampling23,24 to
detect the dipole radiation: The electric field of the THz tra
sients induces birefringence in the electro-optic crystal EO
The difference in refractive index is probed by the portion
the laser pulse reflected at the beam splitter~BS! and coupled
collinearly into the THz beam via the Si filter. To enhan
the reflectivity of the probe pulse, the Si filter is coated w
4 nm of Au on its rear side.

The data presented in this paper are obtained with
different electro-optic detectors:̂110& oriented ZnTe and
GaP with a thickness of approximately 8 and 13mm, respec-
tively. The electro-optic sensors exhibit an individual fr
quency dependent amplitude and phase response due t
TO lattice resonance~5.3 THz in ZnTe and 11 THz in GaP!.
The crystals are optically contacted to inactive^100& sub-
strates of a thickness of 200mm to avoid Fabry-Perot effects

After the sensor, the probe beam is transmitted throug
quarter wave plate~l/4! and split by a Wollaston prism
~WP!.23 The intensity differenceDI /I between the polariza
tion components of the probe is proportional to the T
electric field present in the electro-optic crystal.DI /I is ana-
lyzed by a shot-noise limited differential detector~Diff. Det.!
with a relative sensitivity of 1028 Hz21/2. The small signals
are monitored with a lock-in amplification scheme based
mechanical chopping of the pump beam at 2 kHz. The te
poral information of the THz emission is gained by varyin
the time difference between excitation of carriers and pr
ing of the field via a variable optical delay stage~VD! with
an accuracy of 100 nm, corresponding to a time interva
0.67 fs. In this way, frequency components of the emit
electromagnetic transients up to 70 THz have be
detected.24

We have taken great care in designing an experiment
gives direct access to the relative acceleration of photoge
ated electrons and holes in a high electric field with a ti
resolution in the order of 10 fs. This goal is achieved me
suring a quantity which is proportional to the momenta
electric field amplitude emitted by a single electron-ho
pair. In the following, we will discuss the experimental d
tails which are crucial to collect quantitative information o
ultrafast carrier transport:

The need for low-density excitation requires large-a
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pumping of a semiconductor sample in order to obtain m
surable signals. However, if the electron-hole pairs are g
erated over an extended region, it has to be ensured tha
radiation from each single dipole arrives at the detector E
with a phase delay smaller than the desired time resolut
The geometrical solution to this problem is sketched in F
2: When the wave front of a collimated laser beam is focu
by a parabolic mirror, the path length differences from
points in the original plane wave to the focus are identic
Consequently, when we excite electron-hole pairs in a t
layer before the confocal region, the THz transients emit
by the elementary dipoles in the sheet add up constructi
in the focus of the reflected pump light. In addition, t
electromagnetic transient has to be detected within an
that is smaller than the diffraction spot of the highest T
frequency relevant for the quantitative analysis of the da
Otherwise, signal components at low frequencies are
vored: They allow larger path length differences betwe
generation and detection without destructive interference
coming operative. We work with a diameter of the sampli
beam of 100mm producing negligible errors for frequencie
below 50 THz. We want to mention that similar questio
have been analyzed in the context of near-field propaga
of THz pulses from large-aperture emitter antennas.25

Another important issue concerns the sample geometr
has to be ensured that a double pass of light through
intrinsic region does not disturb the time resolution of t
experiment. The optical path through a 500 nm layer wit
refractive index of 3.4 is 5 fs. This value is shorter than o
time resolution which is limited by the autocorrelation wid
of the ultrashort laser pulses of approximately 17 fs. Th
nm Ti cap and the 20 nmp1 layer do not effect both optica
pump beam and infrared emission.

The analysis of the data is straightforward if a situati
can be achieved where the dipole radiation pattern is
quency independent and not influenced by the geome
When free carriers are excited, for example, in the surf
field of a dielectric half space26,27with a dispersive refractive
index, complicated effects arise: The deformation of the
pole lobes28 strongly reduces THz emission into free space

FIG. 2. Schematic geometry to detect the charge acceleratio
a large-areap- i -n device. A convergent beam of 12 fs light puls
excites electron-hole pairs in the intrinsic region of a biased dio
The THz electric field amplitude detected in the focal plain of t
reflected pump light is proportional to the first time derivative of t
diode currentj. The different parts~I–V! of the expected THz wave
form ETHz(t) are discussed in Sec. III.
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frequencies where the substrate dielectric function has la
values.27,29 Our sample consists of an extremely thin diele
tric layer ~the intrinsic zone! on a conducting half space~the
n1 substrate!. In this special case, the emission characte
tics is identical to a dipole layer situated directly on the s
face of a conductor.30 The radiation lobe coincides with th
free space pattern and is independent of frequency.31 This
treatment is valid only in the frequency regime below t
plasma resonance of the substrate. The plasma frequen
our samples (n15531018cm23) is approximately 25 THz.
In this way, enough bandwidth is provided for a step fun
tion response with a rise time of 20 fs.

The THz signal detected in the confocal volume does
correspond to the electron-hole acceleration alone: In
polar material, the ultrafast carrier displacement trigger
coherent response of the crystal lattice32 which is analyzed
and explained in detail in Sec. IV C. As a last point, we rec
that the electro-optic signals are to be corrected for the
quency response of the ZnTe and GaP detectors.24 The am-
plitude and phase response of the sensors is calculated ta
into account reflection and absorption losses, the velo
mismatch between the optical gating pulse and the T
phase and the dispersion of the electro-optic coefficient
detailed description of the model for the response functi
and the correction procedure has been published recent24

III. FUNDAMENTALS OF NONEQUILIBRIUM
TRANSPORT

This section introduces the basic physical processes
quantities governing ultrafast transport in direct gap III
materials and prepares the reader for a qualitative un
standing of the experimental data presented in the followi

In Fig. 3, the band structure relevant for the interpretat
of our measurements is depicted schematically. The in
band transitions induced by the ultrashort excitation pul
create electrons close to the bottom of theG valley in the
conduction band as well as holes near the top of the vale
band. Electrons are depicted as filled dots in Fig. 3 wh
holes appear as hollow circles. Scattering processes
carrier-phonon interaction are indicated by dashed arrow

in

e.
FIG. 3. Scheme of the valence and conduction band structur

GaAs and InP. Electrons are depicted as filled dots, holes as ho
circles. Carrier-phonon scattering processes are indicated
dashed arrows. The denotations are explained in the text.
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PRB 61 16 645FEMTOSECOND HIGH-FIELD TRANSPORT IN . . .
We start with a discussion of the conditions in the co
duction band~upper part of Fig. 3!: The electrons injected a
the G point ~I! accelerate very efficiently in an applied ele
tric field due to their small effective mass:mG50.067m0 and
mG50.077m0 in GaAs and InP, respectively. In high-purit
material and at low excitation densities, the only scatter
processes preventing a fully ballistic acceleration are carr
phonon interactions. Within theG valley ~II !, the dominant
coupling mechanism of the electrons to the crystal lattice
polar-optical scattering with longitudinal-optical~LO!
phonons. The influence of this Fro¨hlich-type interaction on
high-field transport is quantified by a characteristic elec
field EGunn:

33

EGunn5
mGe\vLO

4p«0\2 S 1

«`
2

1

«s
D ~1!

with the LO phonon energy\vLO , the high-frequency limit
«` , and the static value«s of the dielectric constant. This
threshold field gives an estimate for the efficiency of m
mentum relaxation via polar scattering with LO phonons
coincides approximately with the position of the maximu
value of the electron drift velocity in thermal equilibrium
since the electrons are still kept within the high-mobilityG
valley. We calculate a value of the Gunn field of 5.3 kV/c
in GaAs and of 15 kV/cm in InP, reflecting the differe
amount of ionicity in these polar materials.

When an electron in the central valley~III ! has gained an
energy comparable to the energetic distance between the
tom of the G minimum ~G! and the side valleys in theL
direction of the Brillouin zone~L!, very efficient momentum
relaxation sets in due to intervalley scattering~IV !. These
processes occur via deformation potential coupling to v
ous phonon modes at the zone boundary.34,35 Scattering
times are calculated to be less than 20 fs.16 The energy dis-
tance between theG andL minima is 330 meV in GaAs~Ref.
13! and 860 meV in InP.36 At very high electric fields, a
certain fraction of electrons may reach theX valleys of the
conduction band~X, see Fig. 3! whose energetic separatio
from the global minimum at theG point is even larger@ap-
proximately 480 meV in GaAs and 960 meV in InP~Ref.
36!#.

The mobility in the satellite valleys is low due to the larg
effective masses and the strong intervalley scattering. Th
fore, in a nonstationary situation~III ! where the electrons
still accelerate in theG minimum, a transient velocity over
shoot is expected to occur before a steady-state drift velo
is established in theL andX minima ~IV !.

We now turn to the phenomena in the valence ba
~lower part of Fig. 3!: For our excitation conditions, hole
are generated in both the heavy hole~HH! and light hole
~LH! bands close to the center of the Brillouin zone. In t
central valley of the conduction band, deformation poten
scattering with optical phonons is suppressed by the se
tion rules37 and acoustic phonon scattering is much less
ficient than polar-optical interaction. In contrast, the low
symmetry of the Bloch functions for the valence bands w
their p-type character allows for deformation potential sc
tering with phonons of all branches.37 This fact together with
the large density of states in the HH band leads to str
momentum relaxation at the top of the valence band. T
-
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total scattering times are calculated to be less than 100
room temperature.38 When heavy holes are generated in t
HH band by the excitation pulse~a!, their initial acceleration
will be approximately an order of magnitude less than tha
the electrons due to the higher effective mass. Heavy h
are likely to scatter within the HH band~b! with an equilib-
rium drift velocity being established on a time scale of 1
fs. In the case of light holes~c!, the initial acceleration
should be comparable to the electrons since the effec
masses are similar. However, the optical excitation produ
by a factor of 3 less holes in the LH band as compared to
HH band. The photogenerated light holes scatter into the
band with its higher density of states within less than 100
mainly via polar-optical interaction.38 As a conclusion, the
holes are not expected to cause a major contribution to
detected current change in the nonequilibrium regime
the observed signals should be dominated by the elec
dynamics in the conduction band.

The qualitative features expected for a THz wave fo
are sketched in a diagram found in the left part of Fig.
where the roman numbers correspond to the electron p
tions ink space~see Fig. 3!: When electrons are created clo
to the G point, the emitted field amplitude rises as the tim
integral of the pump pulse~I!. Ballistic acceleration on a
time scale short compared to scattering times results i
constant THz amplitude~II !. After acceleration, the nonequ
librium peak of the velocity is connected to a zero cross
of the detected transient~III !. Next, a strongly negative par
of the THz signal is linked to the ultrafast deceleration of t
electrons following intervalley transfer~IV !. Finally, as the
current drops in the diode due to carriers leaving the hi
field region, the emitted field remains slightly negative on
time scale of a few ps~V!.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Qualitative dependence of the THz transients on electric
field and material

The THz signals for GaAs and InP at various elect
fields, measured with the 8mm thick ZnTe detector are de
picted in Fig. 1 of Ref. 19. These transients reflect the m
mentary current change] j /]t in the p- i -n device after gen-
eration of charge carriers with a 12 fs excitation pulse.
pointed out in the qualitative discussion in the previous s
tion, the data are dominated by the electron dynamics:
electric fieldsE close to the Gunn threshold~5.3 kV/cm in
GaAs and 15 kV/cm in InP, see Sec. III!, the momentum
relaxation due to polar-optical scattering confines most of
electrons into theG valley. At low fields of 8 and 12 kV/cm
in GaAs and InP, respectively, an acceleration period las
approximately 350 fs is indicated by the positive THz fie
@Figs. 1~a! and 1~e! in Ref. 19#. After this time interval,
equilibrium drift is established. No indications of a transie
velocity overshoot can be resolved. The small negative a
plitude at later times is caused by the decrease of cur
related to carriers leaving the intrinsic region of thep- i -n
diodes.

In addition to the time derivative of the free carrier cu
rent, the signals reflect the acceleration of the ions in
polar crystal lattice: The rapid displacement of the electr
hole pairs leads to a small but ultrafast change of the inte
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16 646 PRB 61LEITENSTORFER, HUNSCHE, SHAH, NUSS, AND KNOX
electric field. The ion cores start accelerating towards th
new equilibrium positions and the polar crystal lattice is e
cited coherently. As a result, a component oscillating w
the LO phonon frequency~8.8 THz in GaAs and 10.3 THz in
InP! is superimposed on the signal originating from free c
rier transport. The THz emission of these coherent phono32

appears very pronounced in the uncorrected data since
amplitude response of the ZnTe electro-optic crystal is
hanced in the frequency regime above the lattice resona
of the detector at 5.3 THz.

When the bias field is increased to 24 kV/cm in Ga
@Fig. 1~b! in Ref. 19#, the situation changes significantly an
a strong negative signal indicating a fast deceleration
charges appears between 250 and 700 fs: The mome
gain of the electrons from the field is now much strong
than the polar-optical momentum loss and the carriers in
G valley reach average velocities substantially above
equilibrium drift ~velocity overshoot!. Subsequently, the
electrons get transferred into the low mobilityL andX side
minima of the conduction band~G to L splitting in GaAs:
330 meV!. Consistent with the stronger polar-optical scatt
ing and higher intervalley threshold~860 meV! in InP, the
overshoot phenomenon is much less developed at a com
rable electric field@Fig. 1~f! in Ref. 19#.

At a field of 60 kV/cm, a clear signature of a transie
velocity maximum at the zero crossing and a subsequ
strong deceleration is also visible in InP@Fig. 1~g! in Ref.
19# and the nonequilibrium features in GaAs become fas
@Fig. 1~c! in Ref. 19#. If the initial acceleration and decelera
tion of the electrons occur within a time scale comparable
the oscillation period of the zone center LO phonon~115 fs
in GaAs and 98 fs in InP, respectively!, the generation of
coherent phonons is resonantly enhanced. This effect is
pecially pronounced in GaAs at fields above 100 kV/c
@Fig. 1~d! in Ref. 19# because the smaller intervalley thres
old energy leads to an earlier deceleration of the electr
than in InP at a comparable field. In addition, the LO osc
lation period in GaAs~115 fs! is longer than in InP~98 fs!.
In both materials, the coherent lattice vibrations decay wit
time constant of approximately 5 ps, reflecting the LO ph
non dephasing time.

It is interesting to note that the maximum electric fie
amplitudes in the transients emitted by thep- i -n devices are
in the order of 100 V/cm despite the weak optical excitat
conditions. This value is estimated taking into account
maximum differential signalDI /I obtained in the experimen
tal data@Fig. 1~d! in Ref. 19#, the electro-optic coefficient o
the detector material and the thickness of the sensor cry

B. Correction for the detector response

On the left hand side of Fig. 4, the THz signals of t
GaAs sample are presented for the early time regime and
four different bias fieldsE. These initial transients are ver
susceptible to frequency-dependent influences and req
special attention. Careful corrections have been perform
The most prominent effect results from the frequency
sponse of the 13mm GaP electro-optic detector employed f
the present measurements: We have calculated the se
characteristics given by both linear optical effects and
dispersion of the electro-optic coefficient.24 The corrected
accelerations are depicted on the right hand side of Fig.
ir
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The influence of the detector response is seen clearl
Fig. 4~a!, comparing the left and right hand sides: The orig
nal data~left! exhibit a steplike onset followed by a min
mum and an additional maximum with a time delay
roughly 80 fs after the initial rise. This feature turns out to
the result of the dynamic interplay between the electro
and the lattice contributions to the second order nonlinea
of the GaP detector material.24 The double-peaked structur
disappears in the corrected data@right hand side of Fig. 4~a!#:
As expected from the instantaneous onset of carrier acce
tion, the subtraction of the detector response results i
single step resembling an electromagnetic shock wave.
rise time is given by the time resolution of our experiment
20 fs. The signal remains constant for approximately 100
indicating a constant acceleration of the carriers over
time interval in GaAs at a bias field of 30 kV/cm.

The corrected data allow an accurate determination of
time it takes to reach the maximum current in the photo
cited p- i -n structure: It is given by the first zero crossing
the THz transients which corresponds to zero average ac
eration~marked with arrows in Fig. 4!. The maximum veloc-
ity is measured to occur after 200 fs at a bias field of
kV/cm and after 120 fs at a bias field of 62 kV/cm. The
findings are in good agreement with Monte Carlo simu
tions modeling ultrafast transport of photocarriers within t
framework of the semiclassical Boltzmann equation.15 To
our knowledge, the measurements represent the first d

FIG. 4. ~a!–~d! Original electro-optic signals~left hand side!
and current change corrected for the detector response~right hand
side! in a GaAs p- i -n diode for different electric fieldsE. The
measurements are carried out with a GaP electro-optic sensor
thickness of 13mm.
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confirmation for the correctness of a semiclassical desc
tion of transport on a time scale of 10 fs.

Theoretical calculations of transient temporal transpor
high fields in the order of 100 kV/cm are presently not ava
able in the literature. This regime is especially interest
since the acceleration period in theG valley becomes shorte
than the oscillation cycle of the zone-boundary optical a
acoustic phonons, the scattering partners for interva
transfer: We find the highest drift velocity to occur after
fs at 100 kV/cm and 55 fs at 130 kV/cm. Under these co
ditions, quantum features such as collisional broadening
intercollisional field effects might significantly influenc
nonequilibrium transport.1,2 Nevertheless, an estimate for th
time interval to reach the maximum velocity is obtained w
the following rate model: If we assume ballistic accelerat
of an electron starting at the bottom of theG valley, we
calculate a lower time limit of 40 fs for the electrons to ga
the energy necessary for scattering to theL valley at a field
of 130 kV/cm. Since the velocity peaks already 55 fs af
excitation, we estimate an extremely short value of 20 fs
the effective transfer time into the side minima. This scatt
ing time compares well with transfer rates calculated via F
mi’s golden rule.16 Our result indicates that a Boltzman
Monte Carlo simulation may be expected to give a reas
able description of transient transport even at electric fie
as high as 100 kV/cm. Detailed calculations concerning
intervalley deformation potentials in GaAs and InP may
found in Refs. 34 and 35, respectively. Ultrafast energy
laxation times above the intervalley threshold measured
optical pump-probe spectroscopy39 also support our findings
of extremely efficient momentum redistribution in this r
gime.

C. Separation of free carrier and lattice contributions

The p- i -n sample may be regarded as a plate capac
~see Fig. 5! changing its charge on an ultrafast time sca
The region between the conducting plates~the p1 and n1

layers! consists of intrinsic GaAs or InP~gray region in Fig.
5!. In the state before photoexcitation, the external bias fi
E0 gives rise to a sheet density of mesoscopically separ
free charges in the doped regions of the sample which is
source for an initial displacementD0 . The intrinsic zone of
the diode is an insulating dielectric carrying an induced
larizationP05D02«0E0 . The initial polarizationP0 means
that the ion cores and the bound electrons of the polar cry
are slightly shifted from their equilibrium positions in a zin
blende lattice without field.

We now proceed to a detailed description of the polari
tion dynamics after photogeneration of free carriers in
intrinsic semiconductor. At the beginning, we wish to po
out three important points the reader should bear in m
throughout this discussion, see Fig. 5:~i! In our system, free
charges giving rise to a change in displacementDD are gen-
eratedinside the dielectric which is actually a semicondu
tor. At the same time, the free carrier excitation densityN is
kept small resulting in a plasma frequency well below t
lattice resonance of the system. This limit ensures that
dielectric properties of the intrinsic region remain virtua
unchanged with respect to the conditions without excitati
~ii ! The free carrier displacement arising inside the intrin
p-

t
-
g

d
y

-
nd

r
r

r-
r-

-
s
e
e
-
ia

r
.

ld
ed
e

-

tal

-
e
t
d

e

.
c

zone leads to an ultrafast change of the electric fieldDE,
analogous to a partial decharge of the capacitor plates.
the other side, recharging of the system toE0 by the external
bias may be neglected since the RC time constant of
entire circuit is slow~approximately 1 ns!. For the fs and ps
dynamics discussed in this paper, the capacitor may be
garded as disconnected from the voltage source. The ele
field E(t) is determined by the dynamics of the charge d
tribution inside thep- i -n structure.~iii ! The changes in dis-
placementDD and thus in bias field occur on such fast tim
scales that the response of the polarization in the intrin
region is no longer described by a dielectric constant.
stead, the complex dielectric function«~v! has to be taken
into account over a wide frequency interval in the mid a
far infrared spectral regime.

We can now present a quantitative description of the
herent lattice response based on classical electrodynami
continuous media and in analogy to the capacitor1dielectric
problem contained in standard textbooks.40 After the free
carriers have been excited by the ultrashort light pulse,
high electric fieldE0 present in the intrinsic zone of th
sample leads to a relative acceleration of electrons and ho
as discussed earlier. The rapid carrier separation corresp
to change of the displacementDD(t) ~see Fig. 5! which is
proportional to the sheet densities of photogenerated cha
entering the doped regions

DD~ t !5NeDx~ t ! ~2!

with the free carrier pair densityN and the average distanc
Dx between electron and hole at a timet after excitation.
Since the recharging time by the external bias is slow,DD(t)
results in a relatively small but ultrafast screening of t
electric fieldE present in the intrinsic semiconductor regio
(DE<0.5 kV/cm within the first 50 fs after excitation, se
estimate in Sec. IV E!. The ions of the crystal lattice reac

FIG. 5. Schematic sketch of the dynamic interplay between f
charge displacementD and material polarizationP in the THz emit-
ter. The displacement before photoexcitation and the correspon
induced polarization are denoted byD0 andP0 , respectively.DD is
the change in displacement due to the separation of photoex
carriers andDP is the resulting variation of the material polariza
tion. The gray shadowed region corresponds to the high-purity
trinsic zone of thep- i -n diodes. Positive and negative charges a
depicted by hollow and filled circles, respectively. The small circ
originate from truly separated free charges@~i! situated in thep1

andn1 regions due to the external bias field and~ii ! photogenerated
electron-hole pairs# contributing to the total displacementD. The
bound dipole charges of the induced material polarizationP are
represented by large circles interconnected with a symbolic spr
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accelerating towards their new equilibrium positions. T
phenomenon is equivalent to a variation of the dielectric
larization DP(t) ~see Fig. 5!. Our experimental geometr
ensures that the THz electric fieldETHz(t) detected at the
sampling point reflects the momentary change of the t
current densityj in the intrinsic region. In turn,] j /]t is
proportional to the second time derivative of the free cha
displacementD(t)5D02DD(t) minus the dielectric polar-
ization P(t)5P02DP(t):

ETHz~ t !`
] j

]t
}

]2

]t2 @D~ t !2P~ t !#. ~3!

Strictly speaking,P consists of two contributions, from
the bound electrons and from the lattice ions:~i! The re-
sponse of the bound electrons in the dielectric medium m
be regarded as instantaneous even on the 10 fs time sca
our experiment. It is represented by a background dielec
constant«` independent of frequency in the mid and f
infrared.~ii ! The major contribution to the observed dynam
ics originates from the ion lattice of the polar semiconduc
which has a strong resonance in the frequency regime
interest for ultrafast transport. For this reason, we will ta
about the lattice contribution in the following when referrin
to the dielectric polarizationP, keeping in mind that in prin-
ciple an instantaneous electronic response is present as
We want to emphasize that Ohm’s law, where the curren
strictly proportional to the applied electric field, does n
hold for the transport phenomena we are studying: First,
relationship is valid only in the steady state whereas we
investigating the extremely transient regime. Second, Oh
law describes equilibrium transport only in situations w
linear response where the momentum relaxation time is
dependent of electric field. The complicated structure of
conduction band in direct-gap materials leads to highly n
linear phenomena, e.g., the negative differential resista
above the Gunn field, even under stationary conditions~see
Ref. 12!.

Figure 6 demonstrates the interplay between free ca
and ionic contributions to the femtosecond charge accel
tion. In Fig. 6~a!, the original THz signal from the InP emit
ter at a bias field of 90 kV/cm is shown. This transient h
been corrected for the response of the ZnTe electro-o
sensor.24

In the frequency domain,D(v) and P(v) are connected
via the frequency-dependent linear dielectric function«~v!:

DP~v!5~12«~v!21!3DD~v!. ~4!

Equation~4! is derived from the definitions for the dielectr
polarizationP5«0E2D and for the dielectric functionD
5««0E via elimination of the electric fieldE.40 Combining
Eq. ~4! with Eq. ~3! transformed into the frequency domai
we see that the spectrum of the electromagnetic transi
results from the free carrier displacement renormalized
«(v)21:

ETHz~v!}v23
DD~v!

«~v!
. ~5!

The influence of the polar lattice is clearly visible in th
Fourier transform of the THz transient: The amplitude sp
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trum @Fig. 6~b!# is sharply peaked at the LO phonon res
nance of InP because the absolute value of the dielec
function has a minimum at this frequency position@Fig.
7~a!#. Consequently, the spectral component of the free c
rier acceleration atnLO is strongly enhanced in the TH
emission @Eq. ~5!#. In contrast, a minimum amplitude i
found at the TO phonon resonance sinceu«~v!u exhibits a
maximum atnTO @Fig. 7~a!#. A phase shift ofDF5p occurs
betweennTO and nLO @Fig. 6~c!#. It is connected to the re
tarded response of the ion lattice@Fig. 7~b!#. High frequency
components of the free carrier motion abovenLO cannot be
screened by the polar crystal lattice and do therefore ap
relatively enhanced in the amplitude spectrum@dashed gray
line in Fig. 6~b!#. However, the lattice polarization is able t
follow the electron-hole displacement at frequencies be

FIG. 6. ~a!–~c! Time trace, amplitude, and phase spectrum
the total current change~including the polar lattice, bound elec
trons, and free carriers! in InP at a bias field of 90 kV/cm.~d!–~f!
Free carrier contribution to the signals after correcting for the lin
dielectric function of InP.

FIG. 7. Absolute value~a! and phase~b! of the dielectric func-
tion of InP versus frequency, as calculated with a dielectric osci
tor model~Refs. 41 and 42!.
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nTO @dotted gray line in Fig. 6~b!#. The extrapolated ampli
tude offset between these two regimes reflects the differe
between the high and low frequency limits«` and«s of the
dielectric function@see Fig. 7~a!#. In a narrow band around
nTO, our data contain no physical information since the v
ues fall below the noise level@dashed lines in Figs. 6~c!, 6~e!,
6~f!#.

The free carrier contribution to the THz emission is o
tained by correcting the amplitude and phase spectra of
original signal with the dielectric function of InP,41,42accord-
ing to Eq. ~5!. After multiplying the amplitude ofETHz(v)
with the absolute value of«~v! @Fig. 7~a!# we get a continu-
ous roll-off of the amplitude between 2 and 20 THz@Fig.
6~e!#. The phase shift between the TO and LO frequency
removed by subtracting the argument of the dielectric fu
tion @Fig. 7~b!# from the phase spectrum of the THz transie
@Fig. 6~f!#. The inverse Fourier transformF21 of the cor-
rected spectra represents the relative acceleration of elec
and holes:

DD̈~ t !5NeD ẍ~ t !}F21$«~v!3ETHz~v!%. ~6!

The result of the transformation back to the time dom
may be seen in Fig. 6~d!: The oscillatory component of th
coherent phonons is almost perfectly removed from the d
Carrier acceleration shows a sharp onset att50 fs, limited
only by the time resolution of the setup. Ballistic transp
indicated by constant acceleration takes place for less
50 fs in InP at 90 kV/cm. As the first carriers start scatter
with the crystal lattice, the acceleration decreases towar
zero at 130 fs. At this point, the maximum electron veloc
is reached. The electrons then decelerate due to interva
transfer, as indicated by the negative signal extending
time delay of 400 fs after excitation.

D. Quantitative data of carrier acceleration, velocity,
and displacement

We calibrate our data quantitatively via the following pr
cedure: Integrating the corrected acceleration transients t
in time yields a quantity that is proportional to the avera
carrier displacement. In Fig. 8, typical integrals are display
for GaAs at three different bias fields. After a few ps,
carriers have left the intrinsic zone and are stopped v
rapidly in the doped regions of the sample. The diffus

FIG. 8. Total electron-hole displacement versus time in GaA
different bias electric fields. The horizontal arrow indicates the sa
ration region related to the maximum electron-hole displacem
that can be achieved via carrier drift. To calibrate the data,
plateau value is equated with the width of the high-field region
the p- i -n sample of 500 nm.
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transport taking place after the drift period is very slow a
does not contribute significantly to the ultrafast THz sign
we measure. As a result, all the double integrals saturate
constant level which turns out to be identical for all elect
fields in a given sample~horizontal arrow in Fig. 8!. This
plateau value is equated with the maximum electron-h
displacement given by the effective width of the high fie
region of 500 nm~see Fig. 8!. In this way, a direct calibra-
tion is obtained for the time-dependent carrier displacem
and its derivatives, the average velocity and accelerat
The experimental error of the absolute values of accelerat
velocity and displacement is estimated to be less than 2
largely determined by the noise of the original data enter
the double integrals. The accelerations depicted in the r
hand side of Fig. 4 are calibrated quantitatively in this wa
To our knowledge, the peak value of 1631018m/s2 at a field
of 130 kV/cm in GaAs ranges among the highest linear
celerations determined so far. The maximum signals be
100 kV/cm are proportional to the electric bias field a
equivalent to a ballistic acceleration of a mass of 0.12m0 .
This value is somewhat larger than the reduced mass o
electron-hole pair injected at the band edge which would
0.06m0 assuming an effective electron mass ofme
50.067m0 and a heavy hole mass ofmHH50.5m0 . How-
ever, we have to take into account that the central valley
the conduction band may be regarded as parabolic only
relatively small excess energies of the electrons. Assumin
nonparabolicity parameter in theG valley of GaAs of a
50.69 eV21,13 an effective mass of approximately 0.1m0 is
obtained for an energy of 100 meV above the band m
mum. We want to mention that somewhat smaller deviatio
from a parabolic behavior have been obtained in ot
publications.43,44 Due to broadband excitation with our u
trashort laser pulses and rapid energy gain of the carrier
the high electric field, a substantial part of the electrons
cupies higher states within a time scale shorter than the r
lution of our experiment. As a result, the mass values
measure differ from the conditions expected exactly at
band edge. The nonparabolicity of the conduction band a
results in a decreasing electron acceleration already du
the ballistic regime: The effective mass in theG valley close
to the intervalley threshold is approximately 0.2m0 in GaAs,
i.e., three times larger than at the band edge. For this rea
the acceleration at high fields is found to decrease imm
ately after excitation@right hand side of Figs. 4~b!–4~d!#,
whereas an approximately constant regime is resolved o
at a field of 30 kV/cm@right-hand side of Fig. 4~a!#.

In Fig. 9, the acceleration, velocity and displacement
free carriers in InP can be seen as a function of time at
kV/cm. Temporal integration of the acceleration data@Fig.
9~a!# results in the relative drift velocity between electro
and hole@Fig. 9~b!#. The transient velocity exhibits a distinc
maximum originating from the velocity overshoot of th
electrons in theG valley before they get scattered to th
low-mobility side valleys. We note that the observed pe
velocity of 83107 cm/s is an order of magnitude higher tha
the steady-state drift velocity of electrons of 0.83107 cm/s
~Ref. 45! at 90 kV/cm. The equilibrium drift velocity for
holes at the same field is approximately 1.13107 cm/s.14,46

As a good check for our calibration procedure, the results
the drift velocity after the initial nonthermal regime@e.g., 2
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3107 cm/s after approximately 0.4 ps in Fig. 9~b!# are in
excellent agreement with the sum of the electron and h
steady-state velocities found in the literature.12 Thus, while
the acceleration data are dominated by the effective acce
tion and rapid deceleration of electrons@Fig. 9~a!#, the quan-
titative values for the drift velocities in the equilibrium re
gime give clear evidence for the contribution by t
photogenerated holes@Fig. 9~b!#. A qualitative estimate of
the hole contribution to the time-dependent relative veloc
is represented by the dashed curve in Fig. 9~b!. It has to be
stressed that the measurement reflects the intrinsic veloc
only in the early time regime~less than approximately 1 ps!,
i.e., before the current drop due to the carriers entering
doped regions becomes significant.

Figure 9~c! displays the corresponding carrier displac
ment: A strongly nonlinear initial regime~A! is followed by
quasiequilibrium drift~B!. After approximately 1.5 ps, the
distance starts to level off because the amount of carr
having left the drift region becomes large~C!.

The maximum drift velocities during the nonequilibriu
acceleration are depicted versus electric field in Fig. 5~a! of
Ref. 19 for GaAs and InP: We find that the peak velocities
both materials are comparable below 40 kV/cm. At high
fields, InP allows a larger velocity overshoot due to t
larger energy splitting between the central and subsid
minima in the conduction band. In order to estimate
maximum possible drift velocity for the electrons, one has
take into account two effects:~i! Our data include the hole
velocity which increases up to approximately 13107 cm/s
~Refs. 14 and 39! at the highest fields and which may b
attained in less than 100 fs,38 as sketched by the dashe

FIG. 9. Carrier acceleration~a!, relative drift velocity~b!, and
electron-hole displacement~c! in InP at a bias field of 90 kV/cm. In
Fig. 9~b!, the transition to steady-state transport is marked w
arrows and the equilibrium drift velocities for electrons and ho
found in the literature are given explicitly. The approximate con
bution of the hole velocity is indicated qualitatively by the dash
curve.
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curve in Fig. 9~b!. ~ii ! Due to the broadband excitation abov
the band edge, the electrons are reaching the threshold
ergy for intervalley transfer at slightly different times. Co
sequently, the maximum velocity of a single electron may
higher than the experimentally measured value which is
average over the entire electron distribution. The slight
crease of the maximum velocities at very high fields and
sublinear increase of the initial acceleration@Fig. 4~d!# in
GaAs above 100 kV/cm may be an indication for the onse
phenomena beyond a semiclassical description of ca
transport. But these deviations are small and require a hig
accuracy than the present experiment.

Figure 10 displays the electron-hole displacement reac
at the point of maximum drift velocity@i.e., the ordinate
values at the maximum slopes of the graphs in Figs. 8
9~c!# as a function of electric field. For comparison, the fie
dependent distance necessary for an electron to experien
potential difference in the field equivalent to the intervall
threshold~330 meV in GaAs,13 dashed line and 860 meV in
InP,36 full line! is shown. At high fields, the data points fi
approximately to the calculated curves: The maximum vel
ity occurs after a transit length close to the distance it ta
for the electrons to gain the energy of theG-L splitting in
both materials. In this regime, the nonequilibrium transp
of electrons is dominated by quasiballistic accelerat
within the G valley followed by extremely efficient momen
tum redistribution due to interaction with intervalle
phonons via the deformation potential. Since the Fro¨hlich
interaction is inversely proportional to the wave vector of t
involved phonon,37 intraband polar optical scattering favo
small momentum transfer to the lattice. The collisions oc
mainly in the forward direction leading to a negligible role
polar interactions for momentum relaxation at field valu
much larger than the Gunn threshold. For lower elec
fields, the displacement at the maximum velocity becom
much less than the distance equivalent to a potential dif
ence necessary for intervalley transfer: The electrons do
accelerate efficiently enough to overcome polar-optical m
mentum loss. Interestingly, the transition to a ballistic m
tion within theG valley occurs at substantially different bia
fields for the two materials we have studied: Momentu

h
s
-

FIG. 10. Carrier displacement reached at the point of maxim
drift velocity versus electric field. The drift distances necessary
gain a field energy corresponding to the intervalley thresholdDEGR

are depicted for GaAs~dashed line! and InP~solid line!, respec-
tively.
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relaxation due to the interaction with LO phonons within t
central valley is important at fields up to 40 kV/cm in In
with its stronger Fro¨hlich coupling. In contrast, the ultrafas
transport in less polar GaAs is dominated exclusively
intervalley processes already for fields above 25 kV/cm. T
displacement values at the maximum velocity overshoot
a measure for the dimensions where device operation
comes completely dominated by nonequilibrium effects
pending on electric field and material. To our pleasant s
prise, we find that the experimental data are in quantita
agreement with theoretical predictions of nonequilibriu
spatial transport in GaAs and InP based on Monte Ca
simulations.13

E. Amplitude of coherent phonons

In addition to the absolute calibration of the free carr
transport, we can also estimate the coherent displaceme
the ion cores quantitatively. To this end, we have perform
the following analysis: The THz wave form emitted by th
InP p- i -n at a bias field of 90 kV/cm@Fig. 6~a!, free
carriers1lattice# is integrated twice in time. The result i
very similar to the displacement curve in Fig. 9~c!, the only
difference being a small modulation at the LO phonon f
quency superimposed on the data. Analogous to the pr
dure performed with the pure free carrier data in Fig. 9,
do now attach a value of 500 nm~the width of the intrinsic
zone! to the plateau appearing in the double integral a
approximately 2.5 ps. We find that the maximum peak
peak amplitude of the phonon oscillations in this data se
d* 51.5 nm. This distance would correspond to the ma
mum ion displacement, if the oscillation is caused by
movement of elementary chargese with the same density a
the photoexcited electron-hole pairs. In order to adaptd* to
the true conditions of the lattice system, we have to take
account that the density of ion pairs in InP ofNion52
31022cm23 is much higher than the electron-hole excitati
density of N5531014cm23. A smaller correction comes
from the fact that the chemical bond in InP is not pure
ionic, the effective charge of the unit cell beinge* 50.28e.
The maximum amplituded of the relative displacement o
the positive and negative ions in the crystal lattice is th
given by

d5
N

Nion
3

e

e*
3d* . ~7!

Using the relationship in Eq.~7!, it turns out that the
maximum amplitude of the coherent phonons we excite
InP at 90 kV/cm is 1.3310216m. This displacement is al
most seven orders of magnitude smaller than the lattice c
stant ofa55.9310210m. In fact, it is only a fraction of the
diameter of theP nucleus ofdnucleus54310215m. These
findings visualize a unique sensitivity of our measureme
for collective vibrational motions.

An independent estimate for the maximum amplitude
the coherent phonons induced in the experiment may be
formed as follows: From the LO phonon frequency and
reduced mass of the ion pair in the unit cell of InP, w
calculate a force constant for the LO phonon harmonic
y
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cillator of K560 N/m.47 The change in electric fieldDE due
to the free carrier displacement is given by

DE5
Ne3Dx

«`«0
. ~8!

Based on the transport data, we estimate a chang
electron-hole displacement ofDx550 nm achieved on a time
scale short compared to the LO oscillation period at a field
90 kV/cm. This value corresponds to a quasi-instantane
screening of the external bias field ofDE50.5 kV/cm. The
peak-to-peak amplituded of the relative oscillation between
the ions in the unit cell induced by this field step amounts

d543
e* e3DE

K
. ~9!

For the parameters inferred above, we obtaind51.4
310216m, in surprising agreement with the experimen
results.

V. SUMMARY

In conclusion, a powerful experimental technique givi
direct access to the nonequilibrium transport of carriers
semiconductors has been developed. We want to point
that the method is quite general and applicable to any fo
of directed charge transfer that can be triggered with
trashort light pulses. We have studied the high-field dyna
ics in GaAs and InP with an unprecedented time resolut
of 20 fs and in a previously unexplored regime of elect
fields up to 130 kV/cm. Intraband polar-optical interactio
and intervalley transfer via the deformation potential a
identified as the two major lattice scattering processes g
erning femtosecond transport. At very high electric field
the scattering of electrons within theG valley is negligible
and momentum relaxation occurs mainly via intervalley p
cesses. Our data indicate that the time constants for inter
ley transfer must be extremely short, less than 20 fs. T
transition to a purely ballistic acceleration within the cent
G minimum of the conduction band occurs at lower elect
fields in GaAs due to its less polar character and wea
Fröhlich interaction with LO phonons. The measureme
also provide direct insight into the influence of band stru
ture effects on ultrafast electronic conduction: The peak
locities of 83107 cm/s in InP are higher than in GaAs (
3107 cm/s) due to the larger energy separation between
central valley and the side minima in the conduction ba
At comparable electric fields, the electrons drift longer d
tances during the nonequilibrium overshoot regime in InP
compared to GaAs. Coherent excitations of the crystal lat
are observed and shown to emerge from the coupling
tween free carrier displacement and dielectric polarizat
via the linear dielectric function of the polar materials. T
experimental findings are in good agreement with theoret
simulations found in the literature. These results are of ma
importance for our general understanding of high-field tra
port and for the engineering of future semiconductor el
tronics.
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