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Scattering States of lonized Dopants Probed by Low Temperature
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N type InAs(110) is investigated by scanning tunneling spectroscopy at low temperatiifédV
images at positive sample bias exhibit circular corrugations, which are caused by the scattering of
electron waves at the attractive potential of ionized dopants. Normalizing the images by simultaneously
recorded constant current images gives quasidirect access to the surface distribution of the corresponding
energy selected scattering states. The normalized images are in quantitative agreement with a WKB
model. The energy dependence of the scattering cross section can be estimated from the model.
[S0031-9007(98)08001-6]

PACS numbers: 71.20.Nr, 61.16.Ch, 72.10.Fk, 73.20.Hb

The scattering of electrons at ionized impurities deter- Figure la shows a topographic image of clean
mines the electrical conductivity of semiconductors at lowlinAs(110). It exhibits a number of bright spots with a
temperatures and is important for the electron mobility inheight of up to 0.5 A and a diameter of about 15 nm.
low dimensional quantum systems [1]. It seems worth-The number of spots is nearly proportional to the dopant
while to study this process in detail. Scanning tunnelingconcentration as has been checked on highly dgped
spectroscopy is an excellent tool for this purpose, since iNAs(110) (N, = 3 X 10'® cm™3). The bright spots are
combines high lateral and spectroscopic resolution. It aleaused by the local band bending around ionized dopants
lows us to study the spatial distribution of electronic stateg6]. The density of dopants appearing with a corrugation
at selected energies around individual scatterers. The scatigher than 0.25 A i$1.2 = 0.2) X 10~* nm™2. Conse-
tering of electron waves at step edges and impurities oquently, these dopants are located up to 6 nm below the
metal surfaces has been studied by low temperature scasurface [7]. Besides the bright spots corrugations larger
ning tunneling microscopy (LTSTM) and spectroscopy
(LTSTS) [2]. Here, we extend the method to semicon-
ductors and investigate scatterers (ionized dopants) located
several nm below the surface [3]. From the quantitative
analysis of the imaged scattering states, we estimate the
depth of the scatterer and deduce the energy dependence
of the scattering cross sectiern(E).

The UHV-LTSTM apparatus described elsewhere [4]
allows measurements down to 8 K in magnetic fields up
to 7 T perpendicular to the surface. The noise level in
topographic images is 0.03 A and the achieved energy [HLIETINS
resolution is 6 meV [5]. Prior to measurements on InAs,
the STM-tip (tungsten) is prepared on W(110) by applying
voltage pulses (5 V, 10 ms) between tip and sample.
doped INAS[Np = (2.0 = 0.1) X 10'® cm 3] is cleaved
in situ at a base pressure 4fx 10~!" mbar. The dopant
concentration is checked by Hall measurements (4—
300 K) and secondary ion mass spectroscopy revealing
that the sample is degenerate and the main dopant is
sulphur. After cleavage the sample is transferred into the S8
precooled microscope, which itself is transferred into the
cryostat. The STM-detected contamination of the sample|G. 1. (a) Topographic image of InAs(110), = 50 mV
is typically of the order ofl1 X 1077 adsorbate®A%.  (V := Vimpie), I = 400 pA; (b) dI/dV image of the same
Because of the low pressure inside the cryostat, it does nétirface area as in (a)y = 50 mV, I = 400 pA, Vimoa =
increase for several weeks. Topographic imdgés, y)] 8.5 mV,,; insets:120 nm X 120 nm. (c) Topographic image

. . of a surface region containing only dopants appearing lower
are recorded in constant-current modé/dV images are than 0.2 A,V = 50 mV, I = 400 pA; (d) dI/dV image of

measured simultaneously by lock-in techniqi&nd =  the same surface area as in (6);= 50 mV, I = 400 pA,
8.5 mV,,). All measurements are performedsat- 1 K. Vmod = 8.5 mV,,; crosses mark corresponding positions.
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in diameter and weaker in height appear (Fig. 1c). Theorresponding positions). The insets in Figs. 1la and 1b

highest corrugation in Fig. 1c is 0.2 A. Weaker corru-demonstrate that the dopants appearing bright in topo-

gations are ascribed to deeper dopants. They exhibit agraphic images appear darkdii/dV images. This is due

inner structure and a surrounding ring. Since the analysi® the increased tip-surface distange, y) above bright

of constant-current images is rather complicated [8], walopants resulting in a decreased transmission coefficient

recordedd /dV images simultaneously. and a reduced!/dV signal. Obviously, the influence of
Figures 1b and 1d show thH /dV images correspond- z(x,y) must be eliminated.

ing to Figs. 1a and 1c. They exhibit a number of concen- The relation between the measureld/dV(V,x,y)

tric ring structures, which are ascribed to standing electrosignal (., y: surface position) and the energy resolved

waves around ionized dopants. There are more ring strudecal density of empty statepgampic(E,x,y) [at low

tures than features visible in topographic images. Howtemperature§7T = 0 K) and tip-surface distances large

ever, all topographic features are centers of ring structuresnough to apply the transfer Hamiltonian formali&m=

in the corresponding/dV image (see crosses markinP 4 A)], is given by [9](Er = 0 eV):

dI
W V,x, y)|1=c0nst o eptip(o)psample(e‘/, X, y)T(eV, V,z(x, Y))

dT(E,V,z(x,y)) } JE (1)

eV
+ f() |:ptip(ev - E)psample(E,xa.V) v

eVl 4 ; V — E
+f0 [%Psample(E,x,Y)T(EvV’Z(x’y)):|dE

[pip(E): tip density of statesT(E,V,z): transmission| second row shows the normalizédl /dV)/I(z) images,
coefficient]. OnlyT(E,V,z) depends on(x,y) [9]. At  which are proportional t@mpic(eV, x,y) [EQ. (3)]. The
low sample voltaged'(z) is directly proportional td(z).  trends of the first row persist, but the size of the rings
Therefore, we can eliminate the influence agk,y) by as well as their intensity relation has been changed.
measuring/ (z) with the tip used fod//dV images. The An offset is subtracted from the images 2(al)-2(b7) to
measured(z) at sample voltages below 300 mV can beoptimize the contrast of the ring structure. Only about

fitted for az range of more than 4 A by [10] 5% of the(dI/dV)/1(z) signal is corrugated.
1(2) = exd—V® — eV /2z]. @) Next, we show that the corrugations @f,n,p. are

_ ~ due to electron scattering states of the attractive potential

The I(z) curves above dopants appearing less higlof ionized dopants. Their expected surface distribution
than 0.2 A differ only slightly from the curves above the can be estimated by a WKB model [12]. The electric
flat surface(Ad®/® = 4%) [10]. Here, we restrict the potential consists of the dopant potential and the tip

discussion to dopants appearing lower than 0.2 A. induced band bending [13]. From this the squared wave
We insert the measuregdx, y) (topographic images) in function of the scattering state at different energies can be
1(z) [Eq. (2)] and find: deduced. The value directly below the actual tip position
j_é (V,x,y) (x,y)' corresponds t@gmpic(x,y). Each(x,y) has to be
ey] Psample(eV,x,y) + ... . (3)  considered separately.
’ The attractive Coulomb potential of the dopant is
This relation allows us to extraQisampic(E,x,y) di-  taken asV(r) = e/4me, eor (r: distance from dopant;

rectly from measured data [11]. The uncertainty of theg,: dielectric constant in vacuumg, = 14.5: dielectric
method is given by the two additional terms from Eq. (1).constant of InAs [14]). Itis checked that screening effects
From the knowledge off'(eV,V,z) [EQ. (2)] one con- are of minor importance. The tip induced potential is
cludes that the second term is less than 5% of tvhe firstalculated by twofold numerical integration of the Poisson
term(V = 200 mV). The third term depends o> 7o equation [13]. The work function difference between
which can be considred to be small, since we find no indisample and tipA®,, and the lateral extension of the tip
cations of sharp tip structurég%) indI/dV curves [10].  induced potentialbop have to be known. The values are
In summary, the error bar of the method can be estimatedstimated as described in [15] by analyzing #ig'dV
to be less than 10%. spectrum of the tip induced quantum dot. The analysis of
dl/dV images of one concentric ring structure recordedhe tip used in Figs. 1 and 2 results &b, = 160 meV
at different energies are shown in the first row of Fig. 2.and ¢op = 150 nm. Figure 3 shows a 3D sketch of the
The size and the relative intensity of adjacent ringsresulting potential caused by the presence of the tip and
does not depend on the tip-surface distance, but only oan ionized dopant.
Vample.  With increasing voltage the size of the rings Next, we calculate the wave function of the scatter-
shrinks and the signal to noise ratio decreases. Thimg state. A reasonable good approximation is to use
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FIG. 2. (al)—(a7).dl/dV images measured at sample voltages indicated above400 pA, Vi = 8.5 mV,,; (b1)—(b7):
(d1/dV)/I(z) images corresponding to (al)—(a7); (c1)—(c7): Simulated surface distribution of scattering states of an ionized dopant
(zp = 14.3 nm); energies of the scattering state correspond to the voltages marked above (al)—(a7); (d1)—(d7): Comparison of
circular line sections of (b1)—(b7) and (c1)—(c7). (A circular line section represents the average intensity on a circle of constant
distance from the center of the rings.); smoother curves belong to simulated images.

spherical coordinates (r,®,¢) and separate the
Schrodinger equation with respect to the coordi-
nate. We apply the WKB method alomg(straight lines
from the dopant to the surfaceEcgm(r) shown in Fig. 3
defines the local potential. It is smooth enough to apply
the WKB method (except very close to the dopant). The
local wavelengthsA(E, r) are calculated corresponding
to the nonparabolicE(k) dispersion of InAs. Phase
coherence is preserved by integrating the wave function
phase of the scattering stager) stepwise starting from
the center of the dopant. The bottom of Fig. 3 shows
sir’[¢(r)] for an electron energf — Er = 50 meV and
a tip position(x,y) = (0,0). Taking into account that
pample (r) (the squared amplitude of the wave function)
is proportional to(1/r?) sir’[¢(r)], we can determine
the spatially varying contribution ofdl/dV)/1(z) for
each(x,y). Notice that it remains only one parameter
to fit size, energy dependence, and intensity relations of
the concentric ring structures: The depth of the dopanElG. 3. 3D image: Calculated potential caused by an ion-
below the surfacezp). This might justify the rather ized dopantz, = 14.3 nm) and the tip induced band bending
crude approximations of the calculation [16]. ) @y = 160 meV); the lateral extensiof, y) of the tip in-
The best fit for the images of the second row of Fig. 2 uced potential ¢qp = 150 nm) is not visible; the: direction
. : . . points into the sample. 2D image: &) distribution of the
is shown in the third row and obtained fgs = 14.3 nm.  resulting scattering state & — Er = 50 meV. (See text for
To compare model and experiment more quantitativelydiscussion.)
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the fourth row of Fig. 2 presents circular line sections ofand energy dependence of the surface corrugations found
the experimental and calculated images. The agreemeint (dI/dV)/I(z) images[*psmpic(x,y)]. The depths of
is rather good. the dopants calculated from comparison of model and
To check the correctness of the fit parameigr the  experiment are slightly larger than expected from the
described procedure is applied to the 10 best visible ringlopant concentration. Itis shown that an exact knowledge
structures of Fig. 1d200 nm X 200 nm). The resulting of the depth allows the direct measurement of reflective
zp of the dopants appear to be distributed irx @lice  scattering cross sections of individual dopants.
of 20 nm. This would implyN, = 1.25 X 10'® cm™3, We are grateful to W. Hansen and U. Merkt for help-
a value lower than the real dopant concentration. Théul discussions. Financial support by the DFG through
difference is mainly caused by the fact that some patternSFB 508 and the Graduiertenkolleg “Physik nanostruck-
could not be analyzed. They overlap too strongly withturierter Festkérper” is gratefully acknowledged.
neighboring features. Notice that about 15 (and not
10) ring structures appear in Fig. 1d. However, also
the approximations discussed above might influence the

resultingzp values. *Author to whom correspondence should be addressed.
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