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N type InAs(110) is investigated by scanning tunneling spectroscopy at low temperature.dIydV
images at positive sample bias exhibit circular corrugations, which are caused by the scatte
electron waves at the attractive potential of ionized dopants. Normalizing the images by simultan
recorded constant current images gives quasidirect access to the surface distribution of the corres
energy selected scattering states. The normalized images are in quantitative agreement with
model. The energy dependence of the scattering cross section can be estimated from the
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The scattering of electrons at ionized impurities de
mines the electrical conductivity of semiconductors at
temperatures and is important for the electron mobilit
low dimensional quantum systems [1]. It seems wo
while to study this process in detail. Scanning tunne
spectroscopy is an excellent tool for this purpose, sin
combines high lateral and spectroscopic resolution. I
lows us to study the spatial distribution of electronic st
at selected energies around individual scatterers. The
tering of electron waves at step edges and impuritie
metal surfaces has been studied by low temperature
ning tunneling microscopy (LTSTM) and spectrosco
(LTSTS) [2]. Here, we extend the method to semic
ductors and investigate scatterers (ionized dopants) lo
several nm below the surface [3]. From the quantita
analysis of the imaged scattering states, we estimat
depth of the scatterer and deduce the energy depen
of the scattering cross sectionssEd.

The UHV-LTSTM apparatus described elsewhere
allows measurements down to 8 K in magnetic fields
to 7 T perpendicular to the surface. The noise leve
topographic images is 0.03 Å and the achieved en
resolution is 6 meV [5]. Prior to measurements on In
the STM-tip (tungsten) is prepared on W(110) by apply
voltage pulses (5 V, 10 ms) between tip and sample.N-
doped InAsfND ­ s2.0 6 0.1d 3 1016 cm23g is cleaved
in situ at a base pressure of4 3 10211 mbar. The dopan
concentration is checked by Hall measurements
300 K) and secondary ion mass spectroscopy reve
that the sample is degenerate and the main dopa
sulphur. After cleavage the sample is transferred into
precooled microscope, which itself is transferred into
cryostat. The STM-detected contamination of the sam
is typically of the order of 1 3 1027 adsorbatesyÅ2.
Because of the low pressure inside the cryostat, it doe
increase for several weeks. Topographic imagesfzsx, ydg
are recorded in constant-current mode,dIydV images are
measured simultaneously by lock-in techniquesVmod ­
8.5 mVppd. All measurements are performed at8 6 1 K.
0031-9007y98y81(25)y5616(4)$15.00
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Figure 1a shows a topographic image of cleann-
InAs(110). It exhibits a number of bright spots with
height of up to 0.5 Å and a diameter of about 15 n
The number of spots is nearly proportional to the dop
concentration as has been checked on highly dopedp-
InAs(110) sNA ­ 3 3 1018 cm23d. The bright spots are
caused by the local band bending around ionized dop
[6]. The density of dopants appearing with a corrugat
higher than 0.25 Å iss1.2 6 0.2d 3 1024 nm22. Conse-
quently, these dopants are located up to 6 nm below
surface [7]. Besides the bright spots corrugations lar

FIG. 1. (a) Topographic image of InAs(110),V ­ 50 mV
sV :­ Vsampled, I ­ 400 pA; (b) dIydV image of the same
surface area as in (a);V ­ 50 mV, I ­ 400 pA, Vmod ­
8.5 mVpp ; insets:120 nm 3 120 nm. (c) Topographic image
of a surface region containing only dopants appearing lo
than 0.2 Å, V ­ 50 mV, I ­ 400 pA; (d) dIydV image of
the same surface area as in (c);V ­ 50 mV, I ­ 400 pA,
Vmod ­ 8.5 mVpp ; crosses mark corresponding positions.
© 1998 The American Physical Society
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in diameter and weaker in height appear (Fig. 1c). T
highest corrugation in Fig. 1c is 0.2 Å. Weaker corr
gations are ascribed to deeper dopants. They exhib
inner structure and a surrounding ring. Since the anal
of constant-current images is rather complicated [8],
recordeddIydV images simultaneously.

Figures 1b and 1d show thedIydV images correspond
ing to Figs. 1a and 1c. They exhibit a number of conc
tric ring structures, which are ascribed to standing elec
waves around ionized dopants. There are more ring st
tures than features visible in topographic images. Ho
ever, all topographic features are centers of ring struct
in the correspondingdIydV image (see crosses markin
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corresponding positions). The insets in Figs. 1a and
demonstrate that the dopants appearing bright in to
graphic images appear dark indIydV images. This is due
to the increased tip-surface distancezsx, yd above bright
dopants resulting in a decreased transmission coeffic
and a reduceddIydV signal. Obviously, the influence o
zsx, yd must be eliminated.

The relation between the measureddIydV sV , x, yd
signal (x, y: surface position) and the energy resolv
local density of empty statesrsamplesE, x, yd [at low
temperaturessT ø 0 Kd and tip-surface distances larg
enough to apply the transfer Hamiltonian formalismsz $

4 Åd], is given by [9]sEF ­ 0 eVd:
dI
dV

sV , x, ydjI­const ~ ertips0drsampleseV , x, ydT ssseV , V , zsx, ydddd

1
Z eV

0
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[rtipsEd: tip density of states,T sE, V , zd: transmission
coefficient]. OnlyT sE, V , zd depends onzsx, yd [9]. At
low sample voltagesT szd is directly proportional toIszd.
Therefore, we can eliminate the influence ofzsx, yd by
measuringIszd with the tip used fordIydV images. The
measuredIszd at sample voltages below 300 mV can
fitted for az range of more than 4 Å by [10]

Iszd ~ expf2
p

F 2 eVy2 zg . (2)

The Iszd curves above dopants appearing less h
than 0.2 Å differ only slightly from the curves above th
flat surfacesDFyF # 4%d [10]. Here, we restrict the
discussion to dopants appearing lower than 0.2 Å.

We insert the measuredzsx, yd (topographic images) in
Iszd [Eq. (2)] and find:

dI
dV sV , x, yd
Ifzsx, ydg

~ rsampleseV , x, yd 1 . . . . (3)

This relation allows us to extractrsamplesE, x, yd di-
rectly from measured data [11]. The uncertainty of
method is given by the two additional terms from Eq. (
From the knowledge ofT seV , V , zd [Eq. (2)] one con-
cludes that the second term is less than 5% of the
termsV # 200 mVd. The third term depends on

drtip

dV
V

rtip
,

which can be considred to be small, since we find no in
cations of sharp tip structuress drtip

dV d in dIydV curves [10].
In summary, the error bar of the method can be estima
to be less than 10%.

dIydV images of one concentric ring structure record
at different energies are shown in the first row of Fig.
The size and the relative intensity of adjacent rin
does not depend on the tip-surface distance, but only
Vsample. With increasing voltage the size of the rin
shrinks and the signal to noise ratio decreases.
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second row shows the normalizedsdIydV dyIszd images,
which are proportional torsampleseV , x, yd [Eq. (3)]. The
trends of the first row persist, but the size of the rin
as well as their intensity relation has been chang
An offset is subtracted from the images 2(a1)–2(b7)
optimize the contrast of the ring structure. Only abo
5% of thesdIydV dyIszd signal is corrugated.

Next, we show that the corrugations ofrsample are
due to electron scattering states of the attractive pote
of ionized dopants. Their expected surface distribut
can be estimated by a WKB model [12]. The elect
potential consists of the dopant potential and the
induced band bending [13]. From this the squared w
function of the scattering state at different energies can
deduced. The value directly below the actual tip posit
sx, yd corresponds torsamplesx, yd. Eachsx, yd has to be
considered separately.

The attractive Coulomb potential of the dopant
taken asV srd ­ ey4p´r´0r (r: distance from dopant
´0: dielectric constant in vacuum;́r ­ 14.5: dielectric
constant of InAs [14]). It is checked that screening effe
are of minor importance. The tip induced potential
calculated by twofold numerical integration of the Poiss
equation [13]. The work function difference betwe
sample and tipDFst and the lateral extension of the t
induced potentialfQD have to be known. The values a
estimated as described in [15] by analyzing thedIydV
spectrum of the tip induced quantum dot. The analysi
the tip used in Figs. 1 and 2 results inDFst ­ 160 meV
andfQD ­ 150 nm. Figure 3 shows a 3D sketch of th
resulting potential caused by the presence of the tip
an ionized dopant.

Next, we calculate the wave function of the scatt
ing state. A reasonable good approximation is to
5617
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FIG. 2. (a1)–(a7):dIydV images measured at sample voltages indicated above,I ­ 400 pA, Vmod ­ 8.5 mVpp ; (b1)–(b7):
sdIydV dyIszd images corresponding to (a1)–(a7); (c1)–(c7): Simulated surface distribution of scattering states of an ionized
szD ­ 14.3 nmd; energies of the scattering state correspond to the voltages marked above (a1)–(a7); (d1)–(d7): Compa
circular line sections of (b1)–(b7) and (c1)–(c7). (A circular line section represents the average intensity on a circle of c
distance from the center of the rings.); smoother curves belong to simulated images.
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spherical coordinates sr, Q, wd and separate th
Schrödinger equation with respect to ther coordi-
nate. We apply the WKB method alongr (straight lines
from the dopant to the surface).ECBMsrd shown in Fig. 3
defines the local potential. It is smooth enough to ap
the WKB method (except very close to the dopant). T
local wavelengthslsE, rd are calculated correspondin
to the nonparabolicEskd dispersion of InAs. Phas
coherence is preserved by integrating the wave func
phase of the scattering statewsrd stepwise starting from
the center of the dopant. The bottom of Fig. 3 sho
sin2fwsrdg for an electron energyE 2 EF ­ 50 meV and
a tip position sx, yd ­ s0, 0d. Taking into account tha
r

scatt
samplesrd (the squared amplitude of the wave functio

is proportional tos1yr2d sin2fwsrdg, we can determine
the spatially varying contribution ofsdIydV dyIszd for
each sx, yd. Notice that it remains only one parame
to fit size, energy dependence, and intensity relation
the concentric ring structures: The depth of the dop
below the surfaceszDd. This might justify the rathe
crude approximations of the calculation [16].

The best fit for the images of the second row of Fig
is shown in the third row and obtained forzD ­ 14.3 nm.
To compare model and experiment more quantitativ
5618
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FIG. 3. 3D image: Calculated potential caused by an i
ized dopantszD ­ 14.3 nmd and the tip induced band bendin
(DFst ­ 160 meV); the lateral extensionsx, yd of the tip in-
duced potential (fQD ­ 150 nm) is not visible; thez direction
points into the sample. 2D image: sin2swd distribution of the
resulting scattering state atE 2 EF ­ 50 meV. (See text for
discussion.)
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the fourth row of Fig. 2 presents circular line sections
the experimental and calculated images. The agreem
is rather good.

To check the correctness of the fit parameterzD , the
described procedure is applied to the 10 best visible r
structures of Fig. 1ds200 nm 3 200 nmd. The resulting
zD of the dopants appear to be distributed in az slice
of 20 nm. This would implyND ­ 1.25 3 1016 cm23,
a value lower than the real dopant concentration. T
difference is mainly caused by the fact that some patte
could not be analyzed. They overlap too strongly w
neighboring features. Notice that about 15 (and
10) ring structures appear in Fig. 1d. However, a
the approximations discussed above might influence
resultingzD values.

An exact knowledge ofzD would allow one to de-
termine the reflective scattering cross sectionsRsEd of
individual dopants by comparing the amplitude of t
corrugations with the average signal insdIydV dyIszd im-
ages. But, even without the exact knowledge ofzD ,
sRsEd can be given in arbitrary units (not depending
zD) as shown in Fig. 4 for the dopant analyzed in Fig.
A trend of decreasingsR with increasingE in qualita-
tive agreement with scattering theory is found. The d
are compatible with a1yE2 fit as expected from the Born
approximation, but a1yE fit seems more appropriate. W
emphasize that the determination of the reflective sca
ing cross section does not depend on the tip density
states. This influence is eliminated by the division of t
corrugated signal by the average signal.

In summary, we have studied the scattering of elect
waves at attractive ionized dopants in detail by scann
tunneling spectroscopy. A WKB model of the scatteri
states, using the depth of the dopants below the sur
as a fitting parameter, reproduces size, intensity relat

FIG. 4. Reflective scattering cross section of the dop
analyzed in Fig. 2. Assuming a depth of the dopantzD ­
14.3 nm the y scale would be in nm2. The lines show1yE
and1yE2 curves for comparison.
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and energy dependence of the surface corrugations fo
in sdIydV dyIszd imagesf~rsamplesx, ydg. The depths of
the dopants calculated from comparison of model a
experiment are slightly larger than expected from t
dopant concentration. It is shown that an exact knowled
of the depth allows the direct measurement of reflect
scattering cross sections of individual dopants.
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