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Carrier and field dynamics around nanoscale Schottky contacts investigated
by ultrafast near-field optics
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We present femtosecond-resolved optical near-field pump-probe measurements of spatiotemporal carrier
dynamics around a single nanoscale tungsten~W! disk embedded in GaAs. In these samples, Schottky contacts
are formed at the W/GaAs interface. The experimental results are modeled by a selfconsistent treatment of the
drift-diffusion equation for the carriers and Poisson’s equation for the built-in electric field. At lower optically
excited carrier densities, we observe that the built-in field suppresses electron transport towards and trapping
into the metal particles. In this regime, an accumulation of carriers is seen at the edge of the depletion region
of the Schottky contacts. The calculation reveals that the formation of a self-induced dynamic potential well is
the origin of this result. In the high-density regime, efficient carrier transport towards and trapping into the W
nanoparticle take place, resulting from the screening of the built-in field. These results allow us to describe
measurements of the carrier dynamics in annealed low-temperature grown GaAs and demonstrate that the
coupling of the carrier and field dynamics can substantially affect carrier trapping in metal-semiconductor
composite materials.
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I. INTRODUCTION

In many metal-semiconductor composite materi
Schottky contacts are formed at the interfaces between
semiconductor and the metal inclusions. Around
Schottky contacts electric fields and potentials exist eve
no external bias field is applied.1 If charge carriers are opti
cally excited in such a material, the dynamics of the carri
will be substantially influenced by the built-in electric field
More specifically, the fields will separate positive and ne
tive charges. This charge separation results in the genera
of space charge, which, in turn, changes the electric fi
distribution. Thus, complex carrier and field dynamics can
anticipated. If the metal inclusions act as carrier trapp
centers, one expects that the built-in fields also directly af
carrier trapping into the metal. This is because the elec
fields lead to carrier transport towards or away from
metal-semiconductor interface, depending on the sign of
charge and the direction of the fields.

Without external bias, the electric field is nonzero only
the depletion zone of a Schottky contact with a typical e
tension in the micrometer or submicrometer range. This s
length scale implies that the carrier dynamics occurs o
short time scale.2 Therefore, only experimental technique
with both high temporal and high spatial resolution can p
vide detailed insight into the carrier dynamics close to
Schottky contact. As a consequence, femtosecond-reso
pump-probe measurements in the optical near-field~NF! lend
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themselves well to the study of carrier dynamics arou
Schottky contacts. This experimental technique has prove
be a powerful tool for the study of spatially resolved carr
dynamics in semiconductor nanostructures. Very recen
with this technique carrier drift and diffusion as well as r
laxation dynamics have been explored in various structu
semiconductors, such as patterned quantum wells3 or quan-
tum wires.4,5

In this paper, we present a comprehensive study of f
carrier and field dynamics around nanoscale Schottky c
tacts. Experimental data are obtained using a recently de
oped femtosecond-resolved near-field scanning optical
croscope~NSOM!.6,7 The experiments have been perform
on a lithographically produced model system, which cons
of tungsten~W! nanodisks embedded in GaAs. Earlier wo
has shown that Schottky contacts are formed around th
disks.8 The lithographic fabrication process allows us to a
just the spacing between the disks so that the depletion z
of adjacent disks do not overlap.8 In such samples, the fem
tosecond NSOM pump-probe measurements reveal the
trafast carrier dynamics in the close vicinity of asingletung-
sten nanodisk in GaAs. Thus, we can directly observe
interplay between free carrier and field dynamics and car
trapping around asingleSchottky contact. This experimenta
approach avoids complications due to averaging over an
semble of Schottky contacts, which arise in most far-fie
experiments. With respect to our choice of system, we wo
also like to mention that W-disk/GaAs structures have pot
©2002 The American Physical Society22-1
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tial for semiconductor device technology as the electri
properties of the GaAs can be changed from conducting
semi-insulating by varying the disk spacing.9

Recently, we have reported on initial spatially and temp
rally resolved measurements of carrier dynamics aro
nanoscale W disks.10 We have identified the metallic inclu
sions as efficient trapping centers at high optically exci
carrier densities. The purpose of this paper is to present
tematic experimental and theoretical investigations of
complex spatiotemporal carrier dynamics around nanos
Schottky contacts in different carrier density regimes.
will introduce a theoretical model based on a self-consis
treatment of the drift-diffusion equation for the carriers a
Poisson’s equation for the electric field. The model allows
to calculate the electron and hole dynamics as well as
temporal and spatial variation of the electric field and pot
tial around a single Schottky contact. Two different carr
density regimes are revealed by the measurements and
calculations. At lower carrier densities, the built-in elect
field is only weakly reduced, leading to a repulsion of ele
trons from the Schottky barrier. Therefore electron trapp
into the W disk is strongly suppressed. In contrast, at hig
carrier densities, the built-in field is screened, resulting in
efficient diffusive electron transport towards and trapp
into the W disk. In both density regimes, the experimen
data and the numerical calculations are in very good ag
ment.

Another important metal-semiconductor composite ma
rial is annealed low-temperature~LT! grown GaAs, which
can be produced without lithographic processing. Annea
LT-GaAs contains metallic As precipitates,11 which can form
Schottky contacts with the embedding GaAs.11,12 Ultrafast
carrier trapping times into the As precipitates13 and high
resistivity14,15make this metal-semiconductor composite m
terial very attractive for many optoelectronic and photo
devices. Examples include terahertz emitters,16 ultrafast pho-
toconductive switches,17 ultrafast all-optical switches,18 and
semiconductor saturable absorbers.19 We will show in the
last section of this paper that optical far-field experiments
annealed LT-GaAs can be described by the picture of ca
and field dynamics that has been deduced from the exp
ments on the W-disk material with Schottky contacts. T
study of asingleAs precipitate in the NF is not possible a
the typical distance between precipitates is well below 1
nm,20 i.e., smaller than the spatial resolution of our ultrafa
NSOM.

II. EXPERIMENT

In the following, first the tungsten disk sample is d
scribed. We explain the design and the fabrication of
sample as well as the process used to prepare the samp
near-field experiments. Subsequently, the annealed low
perature grown GaAs sample is described. The last par
Sec. II deals with the details of the ultrafast NSOM expe
ment.

A. W disk structure

The investigated tungsten disk sample has been grow
metalorganic vapor phase epitaxy~MOVPE!. On a GaAs
04532
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substrate we have grown AlAs/GaAs etch stop layers, a
nm GaInP protection layer and a 20 nm thick GaAs lay
Afterwards, W disks with;80 nm diameter and a thicknes
of 20 nm have been deposited in a rectangular pattern wi
mm disk spacing by electron beam lithography and a sub
quent lift-off process. The disks have then been epitaxia
overgrown with an 80 nm thick GaAs layer, followed by
500 nm thick GaInP layer. The GaAs isn-doped~electron
density;1016 cm23! and Schottky barriers are formed at th
W/GaAs interface.8,9A detailed description of the fabricatio
process can be found in Refs. 8 and 9.

Suitable samples for transmission NF measurements h
to fulfill two main requirements. Light of the wavelength o
interest should only be absorbed in the active region and
active region has to be as close as possible to the surfac
preserve spatial resolution. Therefore we have glued
sample upside down on a glass substrate and removed
GaAs substrate and the etch-stop layers by chemical
etching.2 The remaining structure, schematically shown
Fig. 1~a!, consists of the absorbing GaAs with the embedd
W disks, sandwiched between GaInP layers, the bottom
as mechanical support and the top one as protection laye
avoid surface trapping of the optically excited carriers.

B. LT-GaAs sample

For comparison with the W disk sample we have design
an LT-GaAs sample, which is sufficientlyn doped to expect
large built-in fields close to the As precipitates. Additional
we have grown an undoped LT-GaAs sample to measure
carrier dynamics in the presence of only weak built-in field
The two 500 nm thick LT-GaAs samples have been grown
a GaAs substrate by molecular beam epitaxy~MBE! at
As4 /Ga-flux ratios of 3 and 4.5, respectively, and a grow

FIG. 1. ~a! Schematic illustration of the tungsten disk samp
showing the GaAs layer with the embedded W disk, sandwic
between GaInP layers. Additionally, the global pump/local pro
NSOM configuration is depicted.~b! Schematic diagram of the
GaAs band structure with the bent conduction and valence b
~CB and VB, respectively! and the Fermi energy (EF) around the W
disk. Vbi denotes the built-in potential.~c! Schematic illustration of
the built-in electric field pointing towards the disk. The field sep
rates electrons and holes. The resulting space-charge field poin
the opposite direction as the built-in field.
2-2
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temperature of 320 °C. One sample is undoped, the other
is n doped with Si at a concentration of 131018 cm23. This
Si concentration has been chosen much larger than the
centration of ionized arsenic antisites AsGa

1 , which is smaller
than 131017 cm23.13,21Therefore the majority of the dopin
electrons will contribute to the formation of Schottky co
tacts with large built-in fields. After the growth, both sampl
have been annealedin situ under arsenic overpressure
600 °C for 1 h. Such conditions ensure the formation of m
tallic As precipitates.11 For transmission measurements, t
GaAs substrate has been removed by chemical wet etch

C. Experimental setup

On the W-disk sample, we have performed degenerate
pump-probe measurements at room temperature with 10
pulses, centered at a photon energy of 1.46 eV, from a
MHz mode-locked Ti:sapphire laser. A global pump/loc
transmitted probe configuration is used, as schematically
picted in Fig. 1~a!. The W-disk sample is excited uniforml
from the bottom side with a pump beam of;10 mm diam-
eter. The induced transmission changes are detected from
top side with a probe pulse, which propagates throug
tube-etched, metal-coated NF fiber tip and the sample.
ensure high temporal resolution, the probe pulses are
compensated with a prism pair setup in front of the fiber.
Ref. 7 we have shown that with the described femtosec
NSOM we obtain a spatial resolution of 150 nm and a te
poral resolution of 250 fs. In the same reference, one can
a more detailed description of the femtosecond NSOM. T
far-field measurements on the LT-GaAs samples have b
performed with the same setup in which the NSOM fiber h
been replaced by a cleaved fiber, resulting in a probe s
diameter of;4 mm on the sample. This data has also be
taken at room temperature.

III. THEORETICAL MODEL

We have performed numerical simulations in order to o
tain a better understanding of the experimental NF pum
probe data. The electron and hole density and the ele
field in the vicinity of a W disk are calculated with the drif
diffusion equation and Poisson’s equation in a self-consis
way. In our model, we neglect dynamics in the directi
perpendicular to the W-disk plane. This simplification is ju
tified by the geometry of the sample. The carriers are c
fined in a thin slab of 100 nm thick GaAs by the top a
bottom GaInP layer. Therefore, carrier transport occ
mainly in the much larger W-disk plane. The symmetry
the W-disk structure then allows us to use a one-dimensio
model with the radiusr in the W-disk plane as the only spac
coordinate. The zero point is chosen at the center of the d
The calculations of the electron/hole dynamics have b
performed in an area extending from the W/GaAs interfa
at r disk540 nm ~r disk radius of a single W disk! to r
51 mm. At r 51 mm the influence of the W disk on th
carrier dynamics has found to be negligible.

The internal static electric fieldEintern(r ) inside the deple-
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tion region is obtained by a simple integration of Poisso
equation without optical excited carriers, analogous to
calculations in Ref. 1:

Eintern~r !5
qNd

2« S r 2
w2

r D .

Here,q is the electron charge,Nd51016 cm23 the donor
impurity density and« the dielectric constant of GaAs. Ou
side the depletion regionEintern is zero. The position of the
edge of the depletion zone is denoted byw, measured from
the center of the W disk. This positionw can be obtained
from

Vbi5
q2Nd

2« S w2 ln
w

r disk
2

1

2
~w22r disk

2 ! D .

Here, Vbi denotes the built-in potential.Vbi is given by
the difference between the barrier height of the me
semiconductor contact and the potential difference betw
the Fermi level and the conduction band energy outside
depletion region, see Fig. 1~b!.

The dynamics of the electron densityn(r ,t) depends on
the total electric fieldE and the hole densityp(r ,t) and is
given by the continuity equation

] tn~r ,t !5DnS ] r
2n1

1

r
] rnD1mnS n

r
] r~rE !1E] rnD

2Bnp1g~ t !, ~1!

] tn~r disk,t !52
n~r disk,t !

tn
. ~2!

The electron diffusion constantDn and the mobilitymn
are linked by the Einstein relation and amount to 220 cm2/s
and 8500 cm2/V s,1 respectively. The term2Bnp on the
right-hand side of Eq.~1! accounts for bimolecular recomb
nation. The spatially uniform carrier excitation is describ
by the r-independent generation termg(t), for which we
assume a sech2 pulse with a full width at half maximum of
200 fs. The second equation describes the trapping of e
trons into the disk at the W/GaAs interface, wheretn denotes
the trapping time. We have calculatedtn multiplying the
Richardson constant of 0.4 A cm22 K22 for electrons22 with
the surface of the W-disk shell of 5310211 cm2 and the
square of the room temperature. Following this proced
and dividing by the electron charge, a trapping timetn
590 fs is deduced. This approach is based on the assump
that electron emission and trapping at the W/GaAs interf
occurs at the same rate. Equivalent equations to Eqs.~1! and
~2! are used to calculate the hole densityp(r ,t). The corre-
sponding values forDp and mp are 10 cm2/s and 400
cm2/V s,1 respectively. The trapping timetp55 fs is again
obtained from the Richardson constant of 7 A cm22 K22 for
holes.22

The electric fieldE is composed of the internal static fiel
Eintern(r ) and the space-charge field, which is related to
dynamics of the electrons and holes by the equations
2-3
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E~r ,t !5Eintern~r !1
q

«r Er disk

r

r 8@Qcaptd~r 82r disk!

1p2n#dr8, ~3!

Qcapt~ t !5E
2`

t p~r disk,t8!

tp
2

n~r disk,t8!

tn
dt8. ~4!

The captured charge densityQcaptaccounts for the trappe
electrons and holes at the W/GaAs interface. The consi
ation of carrier trapping into the W disks in our model resu
in a time-dependent total electric field atr 5r disk in contrast
to previous works,23,24 where trapping has been neglecte
From the electric field we can deduce the electric poten
U(r ,t) integrating the equationE(r ,t)52] rU(r ,t). The in-
tegration has been performed for the boundary condi
U(r disk,t)5const, i.e., the potential atr 5r disk is kept fixed
while it varies with time forr .r disk. This choice of bound-
ary condition emphasizes that the Schottky barrier he
remains constant, whereas the potential barrier is chang
Note that, for the interpretation of the physics, only the p
tential difference betweenr 5r disk and r .r disk matters.

All parameters for the calculations are taken from lite
ture, except for the built-in potentialVbi and the bimolecular
recombination constantB. Those parameters are obtained
comparing the simulations with the experimental results.
find for the built-in potentialVbi50.15 eV, leading to the
depletion region edge atw5160 nm. We like to recall tha
Vbi denotes the built-in potential and not the full Schott
barrier height. As shown in Fig. 1~b!, Vbi is smaller than the
full Schottky barrier height. The bimolecular recombinati
process is introduced, because the experiments have sh
that the decay of the electron density far away from the di
is strongly dependent on the density. Such a behavior ca
be modeled by a monomolecular recombination proce
From the comparison with the measurements, we dedu
bimolecular recombination constant of B55.6
31027 cm3/s. The large value ofB compared to the bimo
lecular radiative recombination constant@;10210 cm3/s in
GaAs~Ref. 25!# suggests that the bimolecular recombinati
process is nonradiative and possibly related to impurities

The comparison of the experimental results with the
merical simulations and the discussion in Sec. IV are ba
on the assumption that the pump-probe traces directly re
the carrier density dynamics in the GaAs.26 As we detect the
pump-induced transmission changes at an energy close t
band edge, the electrons yield the major contribution to
pump-probe signal.27 Therefore, we compare the calculate
electron densityn to the experimental pump-probe data.
such comparisons, we convolute the calculated electron
sity n with a Gaussian function that accounts for the spa
resolution of 230 nm in the experiment.28 If no comparison is
made to experimental data, the calculated data are not
voluted, i.e., unlimited spatial resolution is assumed wh
presenting purely theoretical results. In this way, maxim
information is obtained.
04532
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section we will first present and discuss measu
ments and simulations of the carrier dynamics in the W-d
sample. Two different cases are considered, namely, ca
dynamics at lower and at higher optically excited carrier d
sities. With respect to our analysis of the carrier dynam
we like to recall the properties of the built-in potential an
field close to a Schottky contact before optical excitation
schematic illustration is shown in Figs. 1~b! and 1~c!, respec-
tively. In the last part of this section, the W-disk results w
be used to explain the data obtained in undoped andn-doped
LT-GaAs.

A. Low-density regime

In this subsection, we will discuss the carrier and fie
dynamics for a low optically excited carrier density of
31015 cm23. Figure 2 shows pump-probe traces taken eit
over or 1 mm away from a W disk. Apart from a sma
difference in amplitude both traces look the same. T
curves are essentially constant within the 10 ps time wind
of the measurement. No fast dynamics is observable, ne
over the disk nor far away, in this experiment with a temp
ral resolution of 250 fs. We conclude that carrier trapping
inefficient despite the presence of a trapping center in fo
of the W disk.

Figure 3~a! shows a two-dimensional~2D! image of the
pump-probe signal taken at a time delay ofDt52 ps. In the
center of the image, where the W disk is located, a cl
reduction of the signal is visible. Around this region, o
observes a ring-shaped region in which the nonlinear sig
is slightly larger. The same features are seen in the 2D im
of the calculated electron density in Fig. 3~b!. The 2D images
suggest electron transfer from the border of the disk to
outside region, leading to a reduction of the electron den
over the disk and to an enhancement of the density a
distance of 200 nm around the disk. One might wonder w
this process does not lead to a fast decaying contributio
the pump-probe trace in Fig. 2 that has been taken over
disk. The absence of such a fast decaying signal~Fig. 2! is
due to the finite temporal resolution of;250 fs. We conclude
that the electrons are redistributed already during the pu
excitation pulse, resulting in the electron distribution seen

FIG. 2. Low-density regime: near-field pump-probe trac
taken either over~dashed line! or 1 mm away~solid line! from the
W disk.
2-4
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Fig. 3 at Dt52 ps. This interpretation is confirmed by th
numerical simulations that will be discussed next. The
merical simulations also confirm that carrier trapping into
W disk is inefficient in the low-density regime and elucida
the reason for this experimental finding.

With regard to the simulations, we would like to emph
size that very good agreement between the calculated an
experimental data is obtained in Fig. 3. This result testifie
the validity of the model presented in Sec. III. In particular
is a valid procedure to identify the pump-probe signal w
the electron density and to neglect hole contributions, ma
body effects,26 and field-induced transmission changes due
the Franz-Keldysh effect.29 As a consequence, we can extra
the spatial dependence and the temporal evolution of im
tant parameters from the model.

Figure 4 shows the electron densityn, the hole densityp,
the total electric fieldE, and the~energy! potential2uquU vs
distancer from the center of the disk for different time de
lays Dt. We begin with the discussion of the total electr
field E and the potential2uquU. Later, we will comment on
the dynamics of the electrons and holes. We would like
recall that all four variablesn, p, E, and2uquU are coupled
by the equations of Sec. III and, therefore, should always
considered together.

In Fig. 4~a! we show the temporal evolution of the tot
electric field. The trace at time delayDt521 ps indicates
the built-in field before optical excitation. The field is neg
tive as it points towards the disk. After optical excitation t
electron-hole pairs are separated by the electric field.
holes drift towards the disk, where they get trapped at
W/GaAs interface whereas the electrons drift away from
disk. The spatially separated electrons and holes induc
space charge field that is opposite to the built-in field; see
schematic picture of Fig. 1~c!. Therefore, we find that the
absolute value of the electric field decreases to less than
of its initial value within the first 10 ps. This behavior
reflected by the evolution of the energy potential in Fig. 4~b!.
The potential barrier is reduced to a third of its initial val
within the first 10 ps. The field and the energy potent
remain almost unchanged for several tens of picoseco
~data not shown!. For example, the curves atDt510 ps and

FIG. 3. Low-density regime:~a! two-dimensional optical near
field image of the differential transmissionDT/T taken at a time
delayDt52 ps over a single W disk at an optically excited carr
density of 631015 cm23. ~b! Calculated electron density obtaine
from the theoretical model of Sec. III for the experimental con
tions of ~a!.
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Dt540 ps almost coincide. We like to emphasize that a c
siderable field and potential barrier remain after optical
citation. The remaining electric field leads to a no
negligible electron drift current away from the disk, whic
counteracts electron diffusion towards the disk. Thus,
electron transport to the disk is reduced and the trapping
electrons into the disk is inefficient, as seen from the pum
probe traces of Fig. 2.

Focusing now on details of the field dynamics, one o
serves a sign change of the electric field and a dip in
potential atr 50.14mm already at very early time delay
(Dt50 ps). The positive electric field forr .0.14mm re-
flects the increase of the potential that leads to the forma
of a potential well. The well is self-induced by the electro
and hole dynamics and the resulting space-charge field,
it arises from the coupling of the carrier and the electric fie
dynamics. From the discussion in the previous paragrap
follows that the well persists up to 40 ps.

The temporal evolution of the electric field and the pote
tial are closely related to the electron and hole dynam
shown in Figs. 4~c! and 4~d!, respectively. Already during the
pump excitation (Dt50 ps) the electrons are efficientl
pulled away from the W disk by the electric field and acc
mulate at the edge of the depletion zone. This numer
result is in agreement with the absence of a fast contribu
in the pump-probe traces of Fig. 2. The maximum in t
electron density seen in Fig. 4~c! is consistent with the dip in
the potential and the sign change of the electric field. In ot

-

FIG. 4. Low-density regime: results form the theoretical mod
plotted vs radiusr from the center of the W disk at different tim
delaysDt. ~a! Electric field,~b! energy potential,~c! electron den-
sity, and ~d! hole density. In~a! and ~b! the traces atDt521 ps
indicate the electric field and the potential before optical excitati
The legend in~a! also applies to~b!. Likewise, the legend in~c!
applies to~d!. Note the differentr scale in~a!.
2-5
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words, the electrons accumulate in the potential well. T
maximum in the electron density is the reason for the ri
shaped signal enhancement in Fig. 3. The maximum is
seen atDt540 ps, corresponding to the long lifetime of th
potential well.

The hole dynamics in Fig. 4~d! is dominated by hole drift
and diffusion towards and trapping into the disk. These p
cesses are slower than the corresponding electron proc
due to the smaller hole mobility and diffusion constant. Ne
ertheless, these processes substantially reshape the hol
tribution during the first 40 ps. In particular, diffusio
smoothes the hole distribution. The weak overall reduct
of both the electron and hole density is due to the ine
ciency of bimolecular recombination at low carrier densit

B. High-density regime

In the high-density regime we consider an excited car
density of 7 – 831016 cm23, which is significantly higher
than the doping level. Figure 5~a! shows a 2D image of the
pump-probe amplitude at a time delay of 15 ps. The d
pattern is clearly visible as the measured signal is subs
tially reduced over the disks. In Fig. 5~b! we show a line
scan of the pump-probe signal together with a Gauss
function that indicates the spatial resolution in the expe
ment. The electron density is reduced not only over the di
but also in a wide region around the disks. This region ha
full width at half maximum~FWHM! of 410 nm and is much

FIG. 5. High-density regime:~a! two-dimensional image of the
differential transmissionDT/T at time delayDt515 ps. The white
disk in the lower left corner schematically marks the size of a
disk. ~b! Line scan of the differential transmissionDT/T ~solid line!
along the dashed line in~a! together with the Gaussian functio
showing the spatial resolution~dashed line!. FWHM: full width at
half maximum.
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broader than the spatial resolution function with a FWHM
230 nm. We conclude that the electrons from this region h
moved towards the disk, where they have been trapped
contrast to the dynamics seen in the low-density regime.
ficient electron transport towards the disks is only possibl
the built-in field is screened.10 Otherwise electron drift away
from the disks counteracts diffusion towards them, suppre
ing net electron transport. This reasoning indicates that
fusion is the main transport mechanism for electrons un
this experimental condition.

In Fig. 6, pump-probe traces are shown, which have b
taken either over or 1mm away from the disk. Over the disk
the signal decays within 7.5 ps to half of its initial valu
significantly faster than away from the disk, where it tak
37 ps to reach the half-maximum point. Both traces de
faster than the corresponding low-density curves in Fig.
This data confirms that efficient electron trapping takes pl
in the high-density regime. Note that the density depende
of the bimolecular recombination cannot be the main rea
for the results in Fig. 6. This is because bimolecular reco
bination alone would not lead to different decays at differe
positions.

More details of the spatiotemporal carrier dynamics c
be inferred from direct measurements of the pump-probe
nal versus distance across a single W disk for fixed ti
delaysDt. These data together with the simulated electr
density are shown in Fig. 7~a!. At zero time delay, the elec
tron density is mainly reduced in the close vicinity of the
disk. With time, the shape of the traces changes and a re
tion of the electron density is also observed farther aw
from the disk. The calculated electron density agrees v
well with the measured pump-probe line scans. The go
agreement shows that the model of Sec. III is also valid
the high-density regime. We will later on deduce details
the carrier and field dynamics from the model.

Figure 7~b! shows how the FWHM of the dip increase
with time. After an initial fast broadening of the signal di
the increase of the FWHM slows down at longer time dela
A fast broadening of the carrier density dip has been found
quantum wells with artificially introduced trapping centers3

In such samples, only trapping and diffusion determine
carrier dynamics; carrier drift does not contribute. Therefo
the data of Fig. 7 suggest that the electron dynamics
strongly affected by diffusion during the first several pic
seconds when the broadening of the pump-probe dip is

FIG. 6. High-density regime: near-field pump-probe traces ta
either over~dashed line! or 1 mm away~solid line! from the disk.
2-6
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nounced. The overall signal reduction is due to the bimole
lar recombination, which is efficient at high carrier densiti

Summarizing the results of Figs. 5–7, the experimen
data indicate that the electric field is strongly screened in
high-density regime, giving rise to efficient diffusive tran
port of electrons towards the W disk and efficient electr
trapping. These results are reconfirmed by the numer
simulation shown in Fig. 8. Figure 8~a! demonstrates that th
electric field is considerably suppressed almost immedia
after excitation, in contrast to the low-density regime. Lik
wise, the energy potential is almost flat, as shown in F
8~b!. In the high-density regime, where the excitation dens
is well above the doping level, already at short times
built-in field is efficiently screened by the large amount
holes that are rapidly trapped into the W disk. At longer tim
delays the electric field and the potential slowly recover. T
recovery is clearly seen if one compares the potential cu
at 1 and 40 ps in Fig. 8~b!.

In Figs. 8~c! and 8~d! we present the calculated electro
and hole densities. During the excitation atDt50 ps the
electrons are removed from the W-disk border by the inter
electric field and we observe a maximum of the elect
density at the edge of the depletion zone@Fig. 8~c!#. Com-
pared to the low-density situation this drift induced proce
is weaker at higher densities and disappears alm
immediately.30 Following the optical excitation, the electri

FIG. 7. High-density regime:~a! Line scans of the measure
differential transmission signal~solid lines! and the calculated elec
tron density~dashed lines! across a single tungsten disk for differe
time delaysDt. The gray bar marks the extension of the tungs
disk. ~b! Full width at half maximum~FWHM! of Gaussian fits to
the measured curves~squares! and FWHM of Gaussian fits to cal
culated traces~dashed line!.
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field rapidly breaks down. As a consequence, drift contrib
tions can be neglected and diffusion dominates the car
transport in the first 10 ps after excitation. Electrons a
holes are transferred to the disk, where they get trapped
recombine. The diffusion dynamics is driven by the carr
density gradient resulting from carrier trapping into the
disk. Additionally, diffusion smoothes out the electron a
hole density profiles and therefore leads to the broadenin
the pump-probe signal dip seen in Fig. 7~b!.

As the diffusion is faster for electrons than for holes, t
charge of the initially trapped holes is slowly compensat
This process and the significant reduction of the carrier d
sity due to efficient carrier trapping and bimolecular reco
bination result in the slow recovery of the built-in electr
field and the potential. Once the potential barrier has
quired a sufficient height, it again suppresses electron tra
port towards the disk. Therefore, electron trapping becom
less efficient at longer times. The suppression of elect
transport and trapping at longer times is observed in Fig
Figure 6 shows that the decrease of the pump-probe si
over the disk significantly slows down for long time delay
resulting in a signal offset.

C. Annealed LT-GaAs

The results obtained from the study of the W-disk mod
sample for nanoscale Schottky contacts can now be use
discuss the carrier dynamics in annealed LT-GaAs. Figur

n

FIG. 8. High-density regime: Results form the theoretical mo
in the high-density regime plotted vs radiusr from the center of the
W disk at different time delaysDt. ~a! Electric field, ~b! energy
potential,~c! electron density, and~d! hole density. In~a! and~b! the
traces atDt521 ps indicate the electric field and the potent
before optical excitation. Traces forDt521 ps are not shown in~c!
and~d!. The legend in~a! also applies to~b!–~d!. Note the different
scale in~a!.
2-7
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shows pump-probe signals for low and high optically exci
carrier densities in undoped andn-doped LT-GaAs. The ex-
citation photon energy is 1.46 eV. As shown in Fig. 9~a!, in
the undoped sample the signal decays exponentially for b
low and high carrier densities with a typical 1/e time of 3.5
ps. We find the same decay even for carrier densities be
1015 cm23 ~data not shown!. In Ref. 13 it has been show
that the decay of the pump-probe signal in undoped LT-Ga
is due to electron trapping into As precipitates. Figure 9~a!
shows that the efficiency of this fast trapping process is
dependent of the optically excited carrier density. We rec
that electrons have first to move to the precipitates be
being trapped at the metal/semiconductor interface. Th
fore, we conclude that the built-in fields of the Schottky co
tacts around the precipitates in the undoped annealed
GaAs sample are too small to substantially suppress elec
transport towards the As precipitates even at very low d
sities.

In contrast, the pump-probe signals in then-doped sample
show a strong carrier density dependence, as seen in
9~b!. At high carrier densities, we find a fast initial decay th
slows down at later times, resulting in an offset. At low ca
rier densities, there is no significant fast reduction of
signal, but the signal remains almost constant over the wh
time window of the measurement. This behavior is ve
similar to the carrier dynamics that have been observed
the W-disk sample at low~Fig. 2! and high~Fig. 6! carrier
densities. Therefore we conclude that the underlying phy
is the same in both cases. As expected from the design o
n-doped LT-GaAs sample, our data indicate that stro
built-in electric fields are present around the Schottky c
tacts before optical excitation in then-doped LT-GaAs. At
low optically excited carrier densities the fields suppre
electron transport towards and trapping into the As prec
tates. In contrast, at high carrier densities above then-doping
level, the trapped holes substantially screen the buil
fields, resulting in efficient diffusion and trapping of ele

FIG. 9. Far-field pump-probe traces of undoped~a! andn-doped
~b! annealed LT-GaAs samples taken at low~dashed lines! and high
~solid lines! excitation carrier densities.
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trons. The electron transport is again suppressed when
optically excited electron density has substantially decrea
to a value comparable to the doping level.

V. CONCLUSION

We have presented a detailed study of the carrier and fi
dynamics around Schottky nanocontacts for different o
cally excited carrier densities. Tungsten disks embedde
GaAs have been investigated by femtosecond near-field
tics. The dynamics has been modeled by the drift diffus
and Poisson’s equation. Experiments and numerical sim
tions agree very well and reveal two different density
gimes. The low-density regime is characterized by the tra
fer of electrons away from the disk and their accumulation
the edge of the depletion zone. As the holes move towa
the disk, a space-charge field is formed which points in
opposite direction as the built-in field. However, the spa
charge field is weak. The total field and the correspond
potential barrier are still strong enough to suppress elec
transport towards and electron trapping into the W di
Hence, the optically excited electrons live for a long tim
outside the depletion region.

In the high-density regime, the built-in field is substa
tially screened by the trapped holes leading to efficient e
tron transport towards and trapping into the W disk. Once
carrier density is considerably reduced, the built-in elec
field is restored and electron trapping is again suppres
These results demonstrate that the coupling of the carrier
field dynamics can substantially affect carrier trapping
metal-semiconductor composite materials in which Schot
contacts are formed.

As a second metal-semiconductor composite material,
have investigated annealed LT-GaAs, in which Schottky c
tacts are formed around metallic As precipitates. We h
shown that the carrier dynamics significantly depends on
doping density of the LT-GaAs. Inn-doped LT-GaAs, the
dynamics is very sensitive to the optically excited carr
density: a fast decay of the electron population is observe
high densities and a slow one at low densities. In contras
undoped LT-GaAs, the electron population decays rapi
independent of the optically excited carrier density. Thus,
doping concentration and the optically excited carrier den
are important parameters for the recovery time of devi
produced from annealed LT-GaAs. We attribute the obser
effects to the screening of the built-in fields and conclu
that the same mechanisms are at work as in the W-d
sample.
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