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Femtosecond high-field transport in compound semiconductors
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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
X 10" and 8x 10’ 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 10 °m.

[. INTRODUCTION carriers in a semiconductor material under high electric field.
The time resolved THz field amplitude serves as a probe for
The high field transport properties of semiconductors repthe momentary charge acceleration in the sample.
resent a central area in both solid state physics and engineer- A short version of this work has been published
ing. From a fundamental point of view, the detailed under-recently®® The present article contains additional data and a
standing of the femtosecond dynamics of carriers in arinore detailed discussion. Itis organized as follows. After the
electric field is a key issue in many-body physics. As anlntroduction, a description of the experimental technique is
example, one may ask whether the well-developed semiclagiven in Sec. II. Crucial issues, mainly connected to the ul-
sical picture of electronic conduction breaks down on ul-trabroadband nature of the measurements, are discussed.
trafast time scales and at very h|gh electric fiédﬁements Section Il introduces the reader to the fundamental phySical
of quantum transport beyond the Boltzmann equation mighProcesses and concepts which are necessary for a qualitative
become significartt.In addition, exploring transient high- understanding of transient high-field transport. In Sec. IV,
field transport experimentally is also motivated by the needhe experimental data are presented and the results are ana-
to obtain information relevant for the design of ultrahigh lyzed. The measured THz transients and a qualitative inter-
speed electronics. Quantitative information, e.g., on théretation of the features depending upon electric field and
length scales connected with non-equilibrium effects, ismaterial are contained in Sec. IVA. In the next st§ec.
highly desirable for developing and optimizing devices suchlV B), the data are corrected for the frequency response of
as heterojunction bipolar transistoréiBTs) and high- the electro-optic detectors and the quantitative time informa-
electron mobility transistoréHEMTS). tion is compared to theoretical simulations found in the lit-
In the past decade’ many experimenta] studies probing tl‘@rature. Section IVC eXpIainS the Separation of free carrier
ultrafast dynamics of thenergy distributionof electronic ~ and lattice contributions to the signals. A method to quanti-
excitations in semiconductors have been publishatiich tatively calibrate the measured carrier accelerations, veloci-
less measurement has been carried out to investigate femtées and displacements is described in Sec. IVD and a de-
second transport in high electric fields which is linked to thetailed analysis is added. The observed amplitude of the
dynamics of thenomentum distributionf carriers®~* coherent excitations of the polar crystal lattice is discussed in
Since direct experiments probing nonequilibrium trans-Sec. IV E. Finally, a conclusion is given in Sec. V.
port on the relevant time scales on the order of 10 fs were
mi_ssing, this subject had to rely_ widely on theoretical__calcu- II. EXPERIMENTAL TECHNIQUE
lations based on the semiclassical Boltzmann equatiofi.
To date, related models are in application in the engineering Our experimental method is based on ultrabroadband de-
of submicron semiconductor electronics® tection of the electromagnetic field emitted by accelerating
In this paper, direct and quantitative measurements of theharges. The time resolved electric field amplitude is an ideal
high-field acceleration of free carriers in GaAs and InP withprobe for ultrafast transport processes since it its proportional
a time resolution of 20 fs are presented. The experiments relipo the momentary current change in a photoexcited semicon-
on ultrabroadband electro-optic detection of the THz electroductor structure.
magnetic transients emitted after photoexcitation of charge The experimental setup is depicted schematically in Fig.

0163-1829/2000/624)/1664211)/$15.00 PRB 61 16 642 ©2000 The American Physical Society



PRB 61 FEMTOSECOND HIGH-FIELD TRANSPORT IN . .. 16 643

holes under the influence of the electric field creates a sheet

Ti:Sapphire t,=121s of Hertzian dipoles. In the far field, the amplitude of the THz
radiation emitted by each elementary dipole in the sheet is
VD proportional to the time derivative of the current which is
£, | N:YVO P=SW |J determined by three processé$The femtosecond accelera-
tion of photocarriers in the electric field and their decelera-
=P tion due to scattering processés) the dielectric response of
OoP Diff. Det. the polar crystal lattice reacting on the rapid change of the
EOX A4 WP free carrier displacement, afiif ) a later current drop due to

the carriers leaving the intrinsic zone within a few ps. The
early parts of the electromagnetic transients are dominated
by nonequilibrium transport and contain direct information
FIG. 1. Experimental setup for the high-field transport measure€oncerning microscopic phenomena such as electron-phonon
ments. Charge carriers are generated by a 12 fs laser pulse of tR§attering mechanisms.
Ti:sapphire laser in the reverse biaged-n diode(PIN). The emit- The THz transient is emitted in the direction of the re-
ted THz transient is detected with the help of an electro-optic crysflected pump light, summing all contributions from the ex-
tal (EOX). PC: prism compressor for dispersion compensation; BScited elementary dipoles. It passes a high-resistivity Si filter
beam splitter; VD: variable optical delay; P: polarizer; OP: off-axis (Si) of a thickness of 50um and is detected by an electro-
paraboloidal mirror; Si: high-resistivity silicon window, Au-coated; optic crystal(EOX) which is situated at the position of the
M4: quarter-wave plate; WP: Wollaston prism; Diff. Det.: differen-focus of the reflected excitation beam.

A\

tial detector. We employ ultrabroadband electro-optic sampiitf to
detect the dipole radiation: The electric field of the THz tran-
1: A frequency doubled cw-Nd:vanadate lashid:YVO) sients induces birefringence in the electro-optic crystal EOX.

serves as a highly stable and powerful pumping source for ghe difference in refractive index is probed by the portion of
home-built mode-locked Ti:sapphire oscillatSrThis laser the laser pulse reflected at the beam splitB3) and coupled
delivers ultrashort light pulses of a duration of 12 fs with acollinearly into the THz beam via the Si filter. To enhance
central photon energy of 1.49 eV and a bandwidth of 12Ghe reflectivity of the probe pulse, the Si filter is coated with
meV at a pulse repetition rate of 82 MHz. Following the 4 nm of Au on its rear side.
resonator, the pulses are sent through a prism compressor The data presented in this paper are obtained with two
(PC) which compensates for the group velocity dispersion ofgifferent electro-optic detectorg110) oriented ZnTe and
the output coupler and the optical elements in the setup. TheaP with a thickness of approximately 8 and4/®, respec-
laser beam is then divided by a pellicle beam split®®).  tively. The electro-optic sensors exhibit an individual fre-
The transmitted pump pulses are focused with an off-axiguency dependent amplitude and phase response due to the
paraboloidal(OP) mirror (focal lengthf=50mm) and di- TO lattice resonancé.3 THz in ZnTe and 11 THz in GaP
rected towards a large-argai-n (PIN) diode, the semicon- The crystals are optically contacted to inactii@0 sub-
ductor THz generator. We have investigated devices basesirates of a thickness of 2Qdm to avoid Fabry-Perot effects.
on GaAs Egy,p=1.43€V) and InP Ey,,=1.34€V), two im- After the sensor, the probe beam is transmitted through a
portant high-speed materials with the fundamental band gaguarter wave plate\/4) and split by a Wollaston prism
well matched to the photon spectrum of our excitation(wp).?® The intensity difference\l/l between the polariza-
pulses. The angle of incidence on the sample is 70° towardson components of the probe is proportional to the THz
the surface normal. The-i-n device is situated 12 mm be- electric field present in the electro-optic crystal/l is ana-
fore the focus of the convergent pump beam. The diode corlyzed by a shot-noise limited differential detectiff. Det.)
sists of a 5 nm semitransparent Ti top contact, a 20pim  with a relative sensitivity of 10° Hz"Y2 The small signals
region, and a 500 nm high-purity intrinsic zone MBE grown are monitored with a lock-in amplification scheme based on
onn" substrate. High electric fields can be applied over thanechanical chopping of the pump beam at 2 kHz. The tem-
intrinsic region by biasing the diode in the reverse directionporal information of the THz emission is gained by varying
All experiments are performed at room temperatufe ( the time difference between excitation of carriers and prob-
=300K). The internal field in the diode is determined onlineing of the field via a variable optical delay stagéD) with
via electro-reflectance spectroscopy exploiting the Franzan accuracy of 100 nm, corresponding to a time interval of
Keldysh effect-??with the broadband optical pump beam as0.67 fs. In this way, frequency components of the emitted
a sampling source. electromagnetic transients up to 70 THz have been

A laser power of 15 mW is absorbed over a sample surdetected
face of 3 mm times 1 mm. Each pump pulse creates an We have taken great care in designing an experiment that
extremely low density of & 10* electron-hole pairs per ¢ gives direct access to the relative acceleration of photogener-
in the high-field zone. As a result of the small carrier con-ated electrons and holes in a high electric field with a time
centration, screening of the bias field and Coulomb scatteringesolution in the order of 10 fs. This goal is achieved mea-
due to the photocarriers are negligible. The low peak intensuring a quantity which is proportional to the momentary
sity of the pump pulses also ensures that THz emission origielectric field amplitude emitted by a single electron-hole
nating from nonresonant optical rectificattdrmay be ne- pair. In the following, we will discuss the experimental de-
glected in comparison to the contribution from femtosecondails which are crucial to collect quantitative information on
charge transport. ultrafast carrier transport:

The rapid separation of the photogenerated electrons and The need for low-density excitation requires large-area
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FIG. 2. Schematic geometry to detect the charge acceleration in
a large-are@-i-n device. A convergent beam of 12 fs light pulses  FIG. 3. Scheme of the valence and conduction band structure of
excites electron-hole pairs in the intrinsic region of a biased diodeGaAs and InP. Electrons are depicted as filled dots, holes as hollow
The THz electric field amplitude detected in the focal plain of thecircles. Carrier-phonon scattering processes are indicated with

reflected pump light is proportional to the first time derivative of the dashed arrows. The denotations are explained in the text.
diode currenf. The different part$l—V) of the expected THz wave

form Exyy(t) are discussed in Sec. lil. frequencies where the substrate dielectric function has large

pumping of a semiconductor sample in order to obtain mea‘-"'?‘l‘“3537'29ou,r sample consists of an extremely thin dielec-
surable signals. However, if the electron-hole pairs are geri:-rf layer (the intrinsic zongon a conducting half spadéhe
erated over an extended region, it has to be ensured that tfle Substrate In this special case, the emission characteris-
radiation from each single dipole arrives at the detector EOXICS IS identical to a dipole layer situated directly on the sur-
with a phase delay smaller than the desired time resolutio@ce of & conductot” The radiation lobe coincides with the
The geometrical solution to this problem is sketched in Figfré€ space pattern and is independent of frgquéhd'yus
2: When the wave front of a collimated laser beam is focusedf€éatment is valid only in the frequency regime below the
by a parabolic mirror, the path length differences from allPlasma resonance of the substrate. The plasma frequency in
e i HanticalOUr samples it =5x 10 cm™®) is approximately 25 THz.
points in the original plane wave to the focus are identicalOUr Samples if 1) is appre y
Consequently, when we excite electron-hole pairs in a thid" this way, enough bandwidth is provided for a step func-
layer before the confocal region, the THz transients emittedion response with a rise time of 20 fs.
by the elementary dipoles in the sheet add up constructively 1he THz signal detected in the confocal volume does not
in the focus of the reflected pump light. In addition, the correspond .to the electron—hole.accgleranon along: In any
electromagnetic transient has to be detected within an ardplar material, the ultrafast carrier displacement triggers a
that is smaller than the diffraction spot of the highest THzcoherent response of the crystal lattfceshich is analyzed
frequency relevant for the quantitative analysis of the data@nd explained in de_tall inSec.IVC. As a last point, we recall
Otherwise, signal components at low frequencies are fathat the electro-optic signals are to be corrected for the fre-
vored: They allow larger path length differences betweerflu€NCy response of the ZnTe and GaP de.teéfoTﬁe am-
generation and detection without destructive interference beRlitude and phase response of the sensors is calculated taking
coming operative. We work with a diameter of the sampling'nFO account reflection and _absorpt_lon losses, the velocity
beam of 100um producing negligible errors for frequencies Mismatch between the optical gating pulse and the THz
below 50 THz. We want to mention that similar questionsPhase and the dispersion of the electro-optic coefficient. A
have been analyzed in the context of near-field propagatioﬂeta'led descrlptlon of the model for the response functions
of THz pulses from large-aperture emitter anterfitas. and the correction procedure has been published recntly.
Another important issue concerns the sample geometry: It
has to be ensured that a double pass of light through the
intrinsic region does not disturb the time resolution of the
experiment. The optical path through a 500 nm layer with a
refractive index of 3.4 is 5 fs. This value is shorter than our This section introduces the basic physical processes and
time resolution which is limited by the autocorrelation width quantities governing ultrafast transport in direct gap 1I-V
of the ultrashort laser pulses of approximately 17 fs. The Snaterials and prepares the reader for a qualitative under-
nm Ti cap and the 20 nnp™* layer do not effect both optical standing of the experimental data presented in the following.
pump beam and infrared emission. In Fig. 3, the band structure relevant for the interpretation
The analysis of the data is straightforward if a situationof our measurements is depicted schematically. The inter-
can be achieved where the dipole radiation pattern is freband transitions induced by the ultrashort excitation pulses
guency independent and not influenced by the geometrycreate electrons close to the bottom of thevalley in the
When free carriers are excited, for example, in the surfaceonduction band as well as holes near the top of the valence
field of a dielectric half spaé&?’with a dispersive refractive band. Electrons are depicted as filled dots in Fig. 3 while
index, complicated effects arise: The deformation of the di-holes appear as hollow circles. Scattering processes via
pole lobe&® strongly reduces THz emission into free space atarrier-phonon interaction are indicated by dashed arrows.

[Il. FUNDAMENTALS OF NONEQUILIBRIUM
TRANSPORT
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We start with a discussion of the conditions in the con-total scattering times are calculated to be less than 100 fs at
duction bandupper part of Fig. B The electrons injected at room temperaturé® When heavy holes are generated in the
theI point (1) accelerate very efficiently in an applied elec- HH band by the excitation puld@), their initial acceleration
tric field due to their small effective mas®s;-=0.067y and  will be approximately an order of magnitude less than that of
mpr=0.077, in GaAs and InP, respectively. In high-purity the electrons due to the higher effective mass. Heavy holes
material and at low excitation densities, the only scatterincgre likely to scatter within the HH ban) with an equilib-
processes preventing a fully ballistic acceleration are carrierium drift velocity being established on a time scale of 100
phonon interactions. Within thE valley (1), the dominant fs. In the case of light holesgc), the initial acceleration
coupling mechanism of the electrons to the crystal lattice ishould be comparable to the electrons since the effective
polar-optical scattering with longitudinal-opticalLO) masses are similar. However, the optical excitation produces
phonons. The influence of this Fiich-type interaction on by a factor of 3 less holes in the LH band as compared to the
high-field transport is quantified by a characteristic electricHH band. The photogenerated light holes scatter into the HH

field Egynp>> band with its higher density of states within less than 100 fs,
mainly via polar-optical interactioff As a conclusion, the

mrefiw o/ 1 1 holes are not expected to cause a major contribution to the

Gunn:W P 8—5) 1 detected current change in the nonequilibrium regime and

the observed signals should be dominated by the electron
dynamics in the conduction band.

The qualitative features expected for a THz wave form
are sketched in a diagram found in the left part of Fig. 2
where the roman numbers correspond to the electron posi-
tions ink space(see Fig. 3 When electrons are created close
to theI” point, the emitted field amplitude rises as the time
integral of the pump pulsél). Ballistic acceleration on a
time scale short compared to scattering times results in a
constant THz amplitud@l). After acceleration, the nonequi-
librium peak of the velocity is connected to a zero crossing
of the detected transiefiil ). Next, a strongly negative part

f the THz signal is linked to the ultrafast deceleration of the
electrons following intervalley transfdtV). Finally, as the
current drops in the diode due to carriers leaving the high-
field region, the emitted field remains slightly negative on a
time scale of a few p§V).

with the LO phonon energf o, o, the high-frequency limit
€., and the static valueg of the dielectric constant. This
threshold field gives an estimate for the efficiency of mo-
mentum relaxation via polar scattering with LO phonons. It
coincides approximately with the position of the maximum
value of the electron drift velocity in thermal equilibrium
since the electrons are still kept within the high-mobility
valley. We calculate a value of the Gunn field of 5.3 kV/cm
in GaAs and of 15 kV/cm in InP, reflecting the different
amount of ionicity in these polar materials.

When an electron in the central valléjl ) has gained an
energy comparable to the energetic distance between the b
tom of the I’ minimum (I') and the side valleys in thé
direction of the Brillouin zondL), very efficient momentum
relaxation sets in due to intervalley scatterifiyf). These
processes occur via deformation potential coupling to vari
ous phonon modes at the zone bound4ry. Scattering
times are calculated to be less than 28%$he energy dis- IV. EXPERIMENTAL RESULTS AND DISCUSSION
tance between thE andL minima is 330 meV in GaA¢Ref.
13) and 860 meV in InP® At very high electric fields, a
certain fraction of electrons may reach tKevalleys of the
conduction bandX, see Fig. 3 whose energetic separation = The THz signals for GaAs and InP at various electric
from the global minimum at th&' point is even largefap-  fields, measured with the 8m thick ZnTe detector are de-
proximately 480 meV in GaAs and 960 meV in IfRef.  picted in Fig. 1 of Ref. 19. These transients reflect the mo-
36)]. mentary current changg/dt in the p-i-n device after gen-

The mobility in the satellite valleys is low due to the large eration of charge carriers with a 12 fs excitation pulse. As
effective masses and the strong intervalley scattering. Thergointed out in the qualitative discussion in the previous sec-
fore, in a nonstationary situatiofill) where the electrons tion, the data are dominated by the electron dynamics: For
still accelerate in thé” minimum, a transient velocity over- electric fieldsk close to the Gunn threshol®.3 kV/cm in
shoot is expected to occur before a steady-state drift velocitgaAs and 15 kV/cm in InP, see Sec.)]lthe momentum
is established in th& and X minima (V). relaxation due to polar-optical scattering confines most of the

We now turn to the phenomena in the valence bandglectrons into thd" valley. At low fields of 8 and 12 kV/cm
(lower part of Fig. 3: For our excitation conditions, holes in GaAs and InP, respectively, an acceleration period lasting
are generated in both the heavy hdldH) and light hole  approximately 350 fs is indicated by the positive THz field
(LH) bands close to the center of the Brillouin zone. In the[Figs. 1a) and Xe) in Ref. 19. After this time interval,
central valley of the conduction band, deformation potentialequilibrium drift is established. No indications of a transient
scattering with optical phonons is suppressed by the selearelocity overshoot can be resolved. The small negative am-
tion rules’ and acoustic phonon scattering is much less efplitude at later times is caused by the decrease of current
ficient than polar-optical interaction. In contrast, the lowerrelated to carriers leaving the intrinsic region of the-n
symmetry of the Bloch functions for the valence bands withdiodes.
their p-type character allows for deformation potential scat- In addition to the time derivative of the free carrier cur-
tering with phonons of all branch&8This fact together with  rent, the signals reflect the acceleration of the ions in the
the large density of states in the HH band leads to strongolar crystal lattice: The rapid displacement of the electron-
momentum relaxation at the top of the valence band. Théwole pairs leads to a small but ultrafast change of the internal

A. Qualitative dependence of the THz transients on electric
field and material
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electric field. The ion cores start accelerating towards their GaAs p-i-n, T=300 K
new equilibrium positions and the polar crystal lattice is ex- osf v y ] v v lis
cited coherently. As a result, a component oscillating with 0'2 (@) 10

the LO phonon frequenc{8.8 THz in GaAs and 10.3 THz in

InP) is superimposed on the signal originating from free car- 0.1p 1 E = 30 kv/em ‘ 1
rier transport. The THz emission of these coherent phofions 0.0 LT e 0
appears very pronounced in the uncorrected data since ths 4] Il ls
amplitude response of the ZnTe electro-optic crystal is en- ™

ol + + + 1 + + + T1s

hanced in the frequency regime above the lattice resonanc — (b) .
of the detector at 5.3 THz. = %7 1 E=62kviem {10

When the bias field is increased to 24 kV/cm in GaAs ® 0.1} }/\/\ ‘ {5 \g-
[Fig. 1(b) in Ref. 19, the situation changes significantly and &, 0.0 A 0 3
a strong negative signal indicating a fast deceleration of @ _g 4| W w-5 =
charges appears between 250 and 700 fs: The momentur X oaf y * = t t t 15 2
gain of the electrons from the field is now much stronger = (c) E=100kviem] ™ m
than the polar-optical momentum loss and the carriers in the.2 o2 || 0o
I' valley reach average velocities substantially above the & 01 A/\,\ [ } 5 §
equilibrium drift (velocity overshogt Subsequently, the & 0.0 \/A\/ iwe W‘ 0 ©

electrons get transferred into the low mobillityand X side *3 01} l5
minima of the conduction ban@” to L splitting in GaAs: %’ osl 1 * ™45
330 meVJ. Consistent with the stronger polar-optical scatter- ' (@ E =130 kV/em
ing and higher intervalley threshol®60 me\j in InP, the 0.2 ] 10
overshoot phenomenon is much less developed at a comp: 0.1t /\ 5
rable electric fieldFig. 1(f) in Ref. 19. 0.0 TN, | B A /\0
At a field of 60 kV/cm, a clear signature of a transient 01l \/ V \r/ l5
velocity maximum at the zero crossing and a subsequen 400 0 100 200 0100 200

strong deceleration is also visible in IfPig. 1(g) in Ref. time (fs)

19] and the nonequilibrium features in GaAs become faster

[Fig. 1(c) in Ref. 19. If the initial acceleration and decelera-  FIG. 4. (a)—(d) Original electro-optic signalgleft hand sidg

tion of the electrons occur within a time scale comparable tand current change corrected for the detector respoigtet hand

the oscillation period of the zone center LO phor{@t5 fs  side in a GaAsp-i-n diode for different electric field€. The

in GaAs and 98 fs in InP, respectivglythe generation of measurements are carried out with a GaP electro-optic sensor of a
coherent phonons is resonantly enhanced. This effect is e#tickness of 13um.

pecially pronounced in GaAs at fields above 100 kV/cm
[Fig. 1(d) in Ref. 19 because the smaller intervalley thresh-
old energy leads to an earlier deceleration of the electron

than in InP at a comparable field. In addition, the LO oscil- e : L
. . . ! nal data(left) exhibit a steplike onset followed by a mini-
lation period in GaAY115 f9 is longer than in INR98 fs). mum and an additional rﬁ)]aximum with a timey delay of

I_n both materials, the coherent latttice vibratigns decay with %ughly 80 fs after the initial rise. This feature turns out to be
time constant of approximately 5 ps, reflecting the LO pho'the result of the dynamic interplay between the electronic

non (Idephasmg'tlme. . . ....and the lattice contributions to the second order nonlinearity
It is interesting to note that the maximum electric field j¢ 4 - 5ap detector materl The double-peaked structure

amp“tUdeS in the transients er_nltted by fhé-n Qewces are disappears in the corrected datight hand side of Fig. @)]:

n ‘h‘? .order of.100 Vi cm desplte the We.ak qptlcal excitation, ¢ expected from the instantaneous onset of carrier accelera-

conditions. This value is estimated taking into account thetion, the subtraction of the detector response results in a

maximum differential signaAl/l obtained in the experimen- _; : ;
. . : e single step resembling an electromagnetic shock wave. The
tal data[Fig. 1(d) in Ref. 19, the electro-optic coefficient of soime is given by the time resolution of our experiment of

the detector material and the thickness of the sensor cryst 0 fs. The signal remains constant for approximately 100 fs

indicating a constant acceleration of the carriers over this
time interval in GaAs at a bias field of 30 kV/cm.

On the left hand side of Fig. 4, the THz signals of the The corrected data allow an accurate determination of the
GaAs sample are presented for the early time regime and fdime it takes to reach the maximum current in the photoex-
four different bias field€E. These initial transients are very cited p-i-n structure: It is given by the first zero crossing of
susceptible to frequency-dependent influences and requitbe THz transients which corresponds to zero average accel-
special attention. Careful corrections have been performedtration(marked with arrows in Fig. 4 The maximum veloc-
The most prominent effect results from the frequency redity is measured to occur after 200 fs at a bias field of 30
sponse of the 13m GaP electro-optic detector employed for kV/cm and after 120 fs at a bias field of 62 kV/cm. These
the present measurements: We have calculated the sendidings are in good agreement with Monte Carlo simula-
characteristics given by both linear optical effects and thdions modeling ultrafast transport of photocarriers within the
dispersion of the electro-optic coefficiéfftThe corrected framework of the semiclassical Boltzmann equafidifo
accelerations are depicted on the right hand side of Fig. 4.our knowledge, the measurements represent the first direct

The influence of the detector response is seen clearly in
Eig. 4(a), comparing the left and right hand sides: The origi-

B. Correction for the detector response
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confirmation for the correctness of a semiclassical descrip- D,

tion of transport on a time scale of 10 fs. o °
Theoretical calculations of transient temporal transport at

high fields in the order of 100 kV/cm are presently not avail- Ol A2, |®

able in the literature. This regime is especially interesting + ol ®©° ° =

since the acceleration period in thevalley becomes shorter O__o' ._'.

than the oscillation cycle of the zone-boundary optical and

acoustic phonons, the scattering partners for intervalley Q AP e

transfer: We find the highest drift velocity to occur after 70 o °

fs at 100 kV/cm and 55 fs at 130 kV/cm. Under these con- =7, =

ditions, quantum features such as collisional broadening and

intercollisional field effects might significantly influence  FIG. 5. Schematic sketch of the dynamic interplay between free
nonequilibrium transport? Nevertheless, an estimate for the charge displacemeit and material polarizatioR in the THz emit-
time interval to reach the maximum velocity is obtained with te- The displa_lcer_nent before photoexcitation and th_e correspondlng
the following rate model: If we assume ballistic accelerationinduced polarization are denoted By andP,, respectivelyAD is

of an electron starting at the bottom of thievalley, we the _change in o!lsplacemen_t due t_o t_he separation qf photoe_xmted
calculate a lower time limit of 40 fs for the electrons to gain carriers andAP is the resultlng variation of the materlgl polar_lza?
the energy necessary for scattering to thealley at a field 1" The gray shadowed region corresponds to the high-purity in-
of 130 kV/cm. Since the velocity peaks already 55 fs afterinsic zone of thep-i-n Q'Odesf' Positive and. negative Charge.s are
excitation, we estimate an extremely short value of 20 fs fordeplcted by hollow and filled circles, respectively. The small circles

originate from truly separated free chardés situated in thep ™

the effective transfer time into the side minima. This scatter-andn+ regions due to the external bias field diig photogenerated

ing time compares well with transfer rates calculated via Fergqcton-hole paifiscontributing to the total displacemeBt The

5 6 L
mi's golden rule'® Our result indicates that a Boltzmann o nq dipole charges of the induced material polarizaffoare

Monte Carlo simulation may be expected to give a reasonrepresented by large circles interconnected with a symbolic spring.
able description of transient transport even at electric fields

as high as 100 kv/cm. Detailed calculations concerning thg .o |eads to an ultrafast change of the electric fief

intervalley deformation potentials in GaAs and InP may be;n,5q0us to a partial decharge of the capacitor plates. On

found in Refs. 34 and 35, respectively. Ultrafast energy "€the other side, recharging of the systenEtpby the external

laxation times above the intervalley threshold measured Vigias may be neglected since the RC time constant of the
optical pump-probe spectroscayalso support our findings o pire circuit is slow(approximately 1 ns For the fs and ps

of extremely efficient momentum redistribution in this re- dynamics discussed in this paper, the capacitor may be re-
gime. garded as disconnected from the voltage source. The electric
field E(t) is determined by the dynamics of the charge dis-
tribution inside thep-i-n structure.(iii) The changes in dis-
placementAD and thus in bias field occur on such fast time
The p-i-n sample may be regarded as a plate capacitoscales that the response of the polarization in the intrinsic
(see Fig. % changing its charge on an ultrafast time scaleregion is no longer described by a dielectric constant. In-
The region between the conducting platése p* andn™ stead, the complex dielectric functiariiw) has to be taken
layers consists of intrinsic GaAs or InRyray region in Fig.  into account over a wide frequency interval in the mid and
5). In the state before photoexcitation, the external bias fieldar infrared spectral regime.
E, gives rise to a sheet density of mesoscopically separated We can now present a quantitative description of the co-
free charges in the doped regions of the sample which is theerent lattice response based on classical electrodynamics of
source for an initial displacemeity. The intrinsic zone of continuous media and in analogy to the capaeitdielectric
the diode is an insulating dielectric carrying an induced poproblem contained in standard textbodRsAfter the free
larizationPo=Do—e¢Eq. The initial polarizationP, means carriers have been excited by the ultrashort light pulse, the
that the ion cores and the bound electrons of the polar crystdligh electric fieldE, present in the intrinsic zone of the
are slightly shifted from their equilibrium positions in a zinc sample leads to a relative acceleration of electrons and holes,
blende lattice without field. as discussed earlier. The rapid carrier separation corresponds
We now proceed to a detailed description of the polarizato change of the displacemeaD(t) (see Fig. % which is
tion dynamics after photogeneration of free carriers in theproportional to the sheet densities of photogenerated charges
intrinsic semiconductor. At the beginning, we wish to pointentering the doped regions
out three important points the reader should bear in mind
throughout this discussion, see Fig.(B:In our system, free AD(t)=NeAx(t) 2
charges giving rise to a change in displacemgbt are gen-
eratedinside the dielectric which is actually a semiconduc- with the free carrier pair density{ and the average distance
tor. At the same time, the free carrier excitation denbitis ~ AXx between electron and hole at a timhafter excitation.
kept small resulting in a plasma frequency well below theSince the recharging time by the external bias is slbid(t)
lattice resonance of the system. This limit ensures that theesults in a relatively small but ultrafast screening of the
dielectric properties of the intrinsic region remain virtually electric fieldE present in the intrinsic semiconductor region
unchanged with respect to the conditions without excitation(AE<0.5kV/cm within the first 50 fs after excitation, see
(ii) The free carrier displacement arising inside the intrinsicestimate in Sec. IVE The ions of the crystal lattice react

C. Separation of free carrier and lattice contributions
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accelerating towards their new equilibrium positions. This < RN
phenomenon is equivalent to a variation of the dielectric po- % 96 @ @ 10‘\E1
larization AP(t) (see Fig. . Our experimental geometry 3 g';‘ J/\/\ carriers + lattice J\ free carriers {5 f
ensures that the THz electric fiel,(t) detected at the 0.0k AN ATL e S
sampling point reflects the momentary change of the total §,-0.2 \/\/V VAV N Wad _sg
current densityj in the intrinsic region. In turngj/at is p 04 3
proportional to the second time derivative of the free charge & 0 20 M0 Mg O 20 M0 %0 g
displacemenD(t)=Dy—AD(t) minus the dielectric polar-

ization P(t)=Py— AP(t): wavelength (um)

150 50 30 20 150 50 30 20

a , (0)
Erhz(t)e — o< —[D(t) = P(t)]. (©)) LY Y ©)
Jat ot g o ~Ve
; ; I L P
Strictly speaking,P consists of two contributions, from Vio= 1 1;1;;%
the bound electrons and from the lattice ioii: The re- 0. UL B

1

. : ) i 5
sponse of the bound electrons in the dielectric medium may a  ©
be regarded as instantaneous even on the 10 fs time scale o 3
2
1
0

se (rad) amplitude

our experiment. It is represented by a background dielectric 2
constante,, independent of frequency in the mid and far
infrared. (ii) The major contribution to the observed dynam- 0 5 0 15 0 % 0I5 20
ics originates from the ion lattice of the polar semiconductor frequency (THz)

which has a strong resonance in the frequency regime of _ )

interest for ultrafast transport. For this reason, we will talk ~ FIG- 6. (8—(c) Time trace, amplitude, and phase spectrum of
about the lattice contribution in the following when referring the total current changéncluding the polar lattice, bound elec-

to the dielectric polarizatiof, keeping in mind that in prin- rons, and free carriersn InP at a bias field of 90 kv/cm(d)—(f)
%J ee carrier contribution to the signals after correcting for the linear
i

ciple an instantaneous electronic response is present as w e lectric function of InP
We want to emphasize that Ohm’s law, where the current :

strictly proportional to the applied electric field, does not . .
hold for the transport phenomena we are studying: First, thifum [Fig. 8(b)] is sharply peaked at the LO phonon reso-

relationship is valid only in the steady state whereas we ar ance of InP becaqse the absplute value of th? d!electrlc
investigating the extremely transient regime. Second, Ohm’ unction has a minimum at this frequency positipfig.
law describes equilibrium transport only in situations with _(a)]. Conseqyently, the_ spectral component OT the free car-
linear response where the momentum relaxation time is in"€" a(_:celeratlon abo is strongly e_nhanced n the THz
dependent of electric field. The complicated structure of th mission[Eq. (5)]. In contrast, a minimum ampl_ngde IS
conduction band in direct-gap materials leads to highly non-oun_d at the TO phonon resonance _snjeeu)l exhibits a
linear phenomena, e.g., the negative differential resistancd@XImum atvro [Fig. 7("?‘)]' A phasg shift oB® = oceurs
above the Gunn field, even under stationary conditiwes betweenvro and »o [F'.g' 6(0)1 I.t IS connepted to the re-
Ref. 12. tarded response of the ion Iattlﬁjélg. _7(b)]. High frequency
Figure 6 demonstrates the interplay between free carriggomponents of the free carrier motlon abayg cannot be
and ionic contributions to the femtosecond charge acceler:f'—cre?ned by the polar crystal Ia.tt|ce and do therefore appear
tion. In Fig. 6a), the original THz signal from the InP emit- '€latively enhanced in the amplitude spectritiashed gray

ter at a bias field of 90 kV/cm is shown. This transient hasin€ in Fig. b)]. However, the lattice polarization is able to
been corrected for the response of the ZnTe eIectro—optiE’"OW the electron-hole displacement at frequencies below

sensor*
In the frequency domai) (w) andP(w) are connected
via the frequency-dependent linear dielectric functidm):

-

AP(w)=(1l—e(w) H)XAD(w). (4

amplitude

Equation(4) is derived from the definitions for the dielectric
polarizationP=¢g,E—D and for the dielectric functiorD

InP dielectric function ¢

=gg,E via elimination of the electric field.*® Combining R
Eq. (4) with Eq. (3) transformed into the frequency domain, K ®)
we see that the spectrum of the electromagnetic transients § 2
results from the free carrier displacement renormalized by gy
e(w) =
%% 70 15 20
Erpl @) w2 ASI?((:;) ) (5) frequency (THz)

FIG. 7. Absolute valuda) and phaséb) of the dielectric func-
The influence of the polar lattice is clearly visible in the tion of InP versus frequency, as calculated with a dielectric oscilla-
Fourier transform of the THz transient: The amplitude specior model(Refs. 41 and 4R
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. 500F GaAs pin — o2 -3 transport taking place after the drift period is very slow and

E 400EN =5x10%em® e does not contribute significantly to the ultrafast THz signals

= T=300K .~ we measure. As a result, all the double integrals saturate at a

;g) 0oF s 3 constant level which turns out to be identical for all electric

S 200} ,./" T 2‘2‘ xﬁim ] fields in a given sampléhorizontal arrow in Fig. 8 This

,§ 100} /f' ........ 130 KV/em p!ateau value i§ equated with the mgximum elec.tron-'hole

| A . . . dlsplacement given by _the effect|ye width of_ the h|g_h field

® 00 05 1.0 15 20 region of 500 nm(see Fig. & In this way, a direct calibra-
time (ps) tion is obtained for the time-dependent carrier displacement

and its derivatives, the average velocity and acceleration.

FIG. 8. Total electron-hole displacement versus time in GaAs afThe experimental error of the absolute values of acceleration,
different bias electric fields. The horizontal arrow indicates the satuyelocity and displacement is estimated to be less than 25%,
ration region related to the maximum electron-hole displacemenpargew determined by the noise of the original data entering
that can be achieved via carrier drift. To calibrate the data, thishe double integrals. The accelerations depicted in the right
platea_u value is equated with the width of the high-field region inp5n4 side of Fig. 4 are calibrated quantitatively in this way.
the p-i-n sample of 500 nm. To our knowledge, the peak value of:260'®m/s at a field

of 130 kV/cm in GaAs ranges among the highest linear ac-
vo [dotted gray line in Fig. @)]. The extrapolated ampli- celerations determined so far. The maximum signals below
tude offset between these two regimes reflects the differencepo kv/cm are proportional to the electric bias field and
between the high and low frequency limis andes of the  equivalent to a ballistic acceleration of a mass of d2
dielectric function[see Fig. fa)]. In a narrow band around This value is somewhat larger than the reduced mass of an
v10, Our data contain no physical information since the val-electron-hole pair injected at the band edge which would be
ues fall below the noise Ievédiashed linesin FigS.(G), 6(e), 0.06m, assuming an effective electron mass me
6(f)]. =0.06", and a heavy hole mass @fi,,=0.5my. How-

The free carrier contribution to the THz emission is ob-ever, we have to take into account that the central valley of
tained by correcting the amplitude and phase spectra of thye conduction band may be regarded as parabolic only for
original signal with the dielectric function of In;**accord-  relatively small excess energies of the electrons. Assuming a
ing to Eq. (5). After multiplying the amplitude o, (@)  nonparabolicity parameter in thE valley of GaAs of «
with the absolute value of(w) [Fig. 7(a)] we get a continu-  =0.69 eV 1'% an effective mass of approximately g is
ous roll-off of the amplitude between 2 and 20 THAQ.  obtained for an energy of 100 meV above the band mini-
6(e)]. The phase shift between the TO and LO frequency isnum. We want to mention that somewhat smaller deviations
removed by subtracting the argument of the dielectric fUﬂCfrom a parabo“c behavior have been obtained in other
tion [Fig. 7(b)] from the phase spectrum of the THz transientpyplications*>** Due to broadband excitation with our ul-
[Fig. 6(f)]. The inverse Fourier transforfi~* of the cor-  trashort laser pulses and rapid energy gain of the carriers in
rected spectra represents the relative acceleration of electrofie high electric field, a substantial part of the electrons oc-

and holes: cupies higher states within a time scale shorter than the reso-
lution of our experiment. As a result, the mass values we
AD(t)=NeAx(t)xF He(w)XEqylw)}. (6)  measure differ from the conditions expected exactly at the

band edge. The nonparabolicity of the conduction band also

The result of the transformation back to the time domainresults in a decreasing electron acceleration already during
may be seen in Fig.(f): The oscillatory component of the the ballistic regime: The effective mass in thevalley close
coherent phonons is almost perfectly removed from the datd0 the intervalley threshold is approximately @2in GaAs,
Carrier acceleration shows a sharp onset=a0 fs, limited i.e., three times larger than at the band edge. For this reason,
only by the time resolution of the setup. Ballistic transportthe acceleration at high fields is found to decrease immedi-
indicated by constant acceleration takes place for less thately after excitatior[right hand side of Figs. #)—4(d)],
50 fs in InP at 90 kV/cm. As the first carriers start scatteringhereas an approximately constant regime is resolved only
with the crystal lattice, the acceleration decreases towards & a field of 30 kv/cm{right-hand side of Fig. @)].
zero at 130 fs. At this point, the maximum electron velocity [N Fig. 9, the acceleration, velocity and displacement of
is reached. The electrons then decelerate due to intervalld{ee carriers in InP can be seen as a function of time at 90
transfer, as indicated by the negative signal extending to KV/cm. Temporal integration of the acceleration dffg.
time delay of 400 fs after excitation. 9(a)] results in the relative drift velocity between electron
and holgFig. 9b)]. The transient velocity exhibits a distinct
maximum originating from the velocity overshoot of the
electrons in thel’ valley before they get scattered to the

We calibrate our data quantitatively via the following pro- low-mobility side valleys. We note that the observed peak
cedure: Integrating the corrected acceleration transients twiceelocity of 8x 10” cm/s is an order of magnitude higher than
in time yields a quantity that is proportional to the averagethe steady-state drift velocity of electrons of 8.80" cm/s
carrier displacement. In Fig. 8, typical integrals are displayedRef. 45 at 90 kV/cm. The equilibrium drift velocity for
for GaAs at three different bias fields. After a few ps, all holes at the same field is approximately X 10’ cm/s 144
carriers have left the intrinsic zone and are stopped verAs a good check for our calibration procedure, the results for
rapidly in the doped regions of the sample. The diffusivethe drift velocity after the initial nonthermal reginfe.g., 2

D. Quantitative data of carrier acceleration, velocity,
and displacement
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time (ps) curve in Fig. 9b). (ii) Due to the broadband excitation above
. . ) . . the band edge, the electrons are reaching the threshold en-
FIG. 9. Carrier acceleratiofa), relative drift velocity(b), and gy for intervalley transfer at slightly different times. Con-
el_ectron-hole dlspla_c_emem) in InP at a bias field of _90 kv/cm. In_ sequently, the maximum velocity of a single electron may be
Fig. Ab), the transition to steady-state transport is marked withyjoper than the experimentally measured value which is an
arrows and the equilibrium drift velocities for electrons and h0|e.saverage over the entire electron distribution. The slight de-
found in the literature are given explicitly. The approximate contri- . . . .
bution of the hole velocity is indicated qualitatively by the dashed® €35€ of t_he maximum veI_O(_:I_tIeS at very h'g.h fields a_nd the
cunve. sublinear increase of the initial acceleratifffig. 4(d)] in
GaAs above 100 kV/cm may be an indication for the onset of
phenomena beyond a semiclassical description of carrier
X 10" cm/s after approximately 0.4 ps in Fig(t9] are in  transport. But these deviations are small and require a higher
excellent agreement with the sum of the electron and holaccuracy than the present experiment.
steady-state velocities found in the literattfélhus, while Figure 10 displays the electron-hole displacement reached
the acceleration data are dominated by the effective accelerat the point of maximum drift velocityi.e., the ordinate
tion and rapid deceleration of electrdi€g. Aa)], the quan- values at the maximum slopes of the graphs in Figs. 8 and
titative values for the drift velocities in the equilibrium re- 9(c)] as a function of electric field. For comparison, the field
gime give clear evidence for the contribution by the dependent distance necessary for an electron to experience a
photogenerated hold$ig. 9b)]. A qualitative estimate of potential difference in the field equivalent to the intervalley
the hole contribution to the time-dependent relative velocitythreshold(330 meV in GaAs; dashed line and 860 meV in
is represented by the dashed curve in Figp) 9lt has to be  InP full line) is shown. At high fields, the data points fit
stressed that the measurement reflects the intrinsic velocitiegpproximately to the calculated curves: The maximum veloc-
only in the early time regiméess than approximately 1 ps ity occurs after a transit length close to the distance it takes
i.e., before the current drop due to the carriers entering théor the electrons to gain the energy of thelL splitting in
doped regions becomes significant. both materials. In this regime, the nonequilibrium transport
Figure 9c) displays the corresponding carrier displace-of electrons is dominated by quasiballistic acceleration
ment: A strongly nonlinear initial regim@) is followed by  within the I" valley followed by extremely efficient momen-
quasiequilibrium drift(B). After approximately 1.5 ps, the tum redistribution due to interaction with intervalley
distance starts to level off because the amount of carrierghonons via the deformation potential. Since thehkoh
having left the drift region becomes lar¢€). interaction is inversely proportional to the wave vector of the
The maximum drift velocities during the nonequilibrium involved phonori intraband polar optical scattering favors
acceleration are depicted versus electric field in Fig) 6f ~ small momentum transfer to the lattice. The collisions occur
Ref. 19 for GaAs and InP: We find that the peak velocities inmainly in the forward direction leading to a negligible role of
both materials are comparable below 40 kV/cm. At higherpolar interactions for momentum relaxation at field values
fields, InP allows a larger velocity overshoot due to themuch larger than the Gunn threshold. For lower electric
larger energy splitting between the central and subsidiaryields, the displacement at the maximum velocity becomes
minima in the conduction band. In order to estimate themuch less than the distance equivalent to a potential differ-
maximum possible drift velocity for the electrons, one has toence necessary for intervalley transfer: The electrons do not
take into account two effectgi) Our data include the hole accelerate efficiently enough to overcome polar-optical mo-
velocity which increases up to approximatelk 10’ cm/s  mentum loss. Interestingly, the transition to a ballistic mo-
(Refs. 14 and 3Pat the highest fields and which may be tion within theI valley occurs at substantially different bias
attained in less than 100 1§ as sketched by the dashed fields for the two materials we have studied: Momentum
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relaxation due to the interaction with LO phonons within thecillator of K =60 N/m*’ The change in electric field E due
central valley is irpportant at fields up to 40 kV/cm in InP tg the free carrier displacement is given by

with its stronger Frhlich coupling. In contrast, the ultrafast
transport in less polar GaAs is dominated exclusively by
intervalley processes already for fields above 25 kV/cm. The
displacement values at the maximum velocity overshoot are €x€0
a measure for the dimensions where device operation be-

comes completely dominated by nonequilibrium effects de- gased on the transport data, we estimate a change in
pending on electric field and material. To our pleasant surgjectron-hole displacement afx=50 nm achieved on a time
prise, we find that the experimental data are in quantitativecaje short compared to the LO oscillation period at a field of
agreement with theoretical predictions of nonequilibriumgqg Kkv/em. This value corresponds to a quasi-instantaneous
spatial transport in GaAs and InP based on Monte Carlgcreening of the external bias field AE=0.5kV/cm. The
simulations. peak-to-peak amplitude of the relative oscillation between
the ions in the unit cell induced by this field step amounts to

NexX Ax
E=——.

®

E. Amplitude of coherent phonons

In addition to the absolute calibration of the free carrier d= Xe*exAE 9)

transport, we can also estimate the coherent displacement of K

the ion cores quantitatively. To this end, we have performed

the following analysis: The THz wave form emitted by the For the parameters inferred above, we obtalr-1.4
InP p-i-n at a bias field of 90 kV/cm[Fig. 6(a), free %10 ®m, in surprising agreement with the experimental
carrierstlattice] is integrated twice in time. The result is results.

very similar to the displacement curve in Figch the only

difference being a small modulation at the LO phonon fre-

quency superimposed on the data. Analogous to the proce- V. SUMMARY

dure performﬁd WitT thefpure free car_rierr1 d?t?]in. FiQ- 9 W€ In conclusion, a powerful experimental technique giving
do now attach a value of 500 nthe width of the intrinsic  qiract access to the nonequilibrium transport of carriers in

zong to the plateau appearing in the double integral afteryoniconductors has been developed. We want to point out
approximately 2.5 ps. We find that the maximum peak ot the method is quite general and applicable to any form
psak amplitude of the phonon oscillations in this data set it qirected charge transfer that can be triggered with ul-
d*=1.5nm. This distance would correspond to the maxiashort light pulses. We have studied the high-field dynam-

mum ion displacement, if the oscillation is caused by &cq jn Gaas and InP with an unprecedented time resolution

movement of elementary chargesvith the same density 8s ot 50 f5 and in a previously unexplored regime of electric
the photoexcited electron-hole pairs. In order to adtfpto  fie|q4s yp to 130 kv/cm. Intraband polar-optical interaction
the true conditions of the lattice system, we have to take inthq intervalley transfer via the deformation potential are
accognt tga_t the density of ion pairs in InP BE,=2  jqentified as the two major lattice scattering processes gov-
le cm *is much fllghggthan the electron-hole excitation gyning femtosecond transport. At very high electric fields,
density of N=5x10"cm">, A smaller correction comes he scattering of electrons within tHe valley is negligible
from the fact that the chemical bond in InP is not purely 3ng momentum relaxation occurs mainly via intervalley pro-
ionic, the effective charge of the unit cell beieg=0.28.  cesses. Our data indicate that the time constants for interval-
The maximum amplitudel of the relative displacement of ey transfer must be extremely short, less than 20 fs. The
the positive and negative ions in the crystal lattice is thenyansition to a purely ballistic acceleration within the central
given by I" minimum of the conduction band occurs at lower electric
fields in GaAs due to its less polar character and weaker
e Frohlich interaction with LO phonons. The measurements
d= fo—*Xd*- (7)  also provide direct insight into the influence of band struc-
on ture effects on ultrafast electronic conduction: The peak ve-
locities of 8<10’ cm/s in InP are higher than in GaAs (6
Using the relationship in Eq(7), it turns out that the X 10’ cm/s) due to the larger energy separation between the
maximum amplitude of the coherent phonons we excite ircentral valley and the side minima in the conduction band.
InP at 90 kV/cm is 1.%10 ®m. This displacement is al- At comparable electric fields, the electrons drift longer dis-
most seven orders of magnitude smaller than the lattice cortances during the nonequilibrium overshoot regime in InP as
stant ofa=5.9x10 "m. In fact, it is only a fraction of the compared to GaAs. Coherent excitations of the crystal lattice
diameter of theP nucleus ofd,,qe,s=4X10 ®m. These are observed and shown to emerge from the coupling be-
findings visualize a unique sensitivity of our measurementsween free carrier displacement and dielectric polarization
for collective vibrational motions. via the linear dielectric function of the polar materials. The
An independent estimate for the maximum amplitude ofexperimental findings are in good agreement with theoretical
the coherent phonons induced in the experiment may be pesimulations found in the literature. These results are of major
formed as follows: From the LO phonon frequency and theémportance for our general understanding of high-field trans-
reduced mass of the ion pair in the unit cell of InP, weport and for the engineering of future semiconductor elec-
calculate a force constant for the LO phonon harmonic ostronics.
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