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PHYSICAL PROPERTIES OF DONOR STATES NEAR THE
SEMICONDUCTOR SURFACE IN AN EXTERNAL ELECTRIC FIELD

The ground state energy and the extent of the wave function of a neutral donor located
near the semiconductor surface in the presence of an electric field created by the Scanning
Tunneling Microscope metallic tip (or a metallic sphere) is obtained within a variational
approach that takes into account the influence of all image charges. The ionization process of a
donor center due to the tip positive voltage is considered. A possibility of applying the results
obtained to create a new type of gas detector (sensor) is discussed.
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1. INTRODUCTION. The enhanced interest in studying the shallow donor
impurities near an interface (either with vacuum or in metal-oxide-semiconductor
interfaces) is related with its very promising application in the atomic scale
electronics, quantum computing and nanoelectronics. An example is the proposal of
Kane to use donor states as qubits [1]. Due to the increased miniaturization, the oxide
layer (between the semiconductor and the metallic gate) is strongly reduced in
thickness and the screening effect of the metallic gate becomes very important. This
motivated us to develop a variational approach for shallow donor states localized in a
semiconductor at a semiconductor-insulator-metal interface in the absence of [2] as
well as in the presence of [3] of a magnetic field, taking into account the image
charges i.e. solving such problems with a few charged particles interacting via the
Coulomb potential. A direct and flexible experimental technique to investigate dopant
atoms close to the surface is proposed by the method of scanning tunneling
microscopy (STM). The electrostatic potential induced by the tip allows manipulating
the charge state of individual impurities near the surface of the semiconductor [4, 5].
The manipulation is fully controlled by the position of the tip and the voltage applied
between the tip and the sample.

It is very interesting to theoretically investigate the effect of the electric field
created by a metallic sphere, and also of the electric field created by STM tip, on the
donor states located near the interface. We used the s-wave-tip model of the STM tip
suggested in Ref.6 and Ref.7, where a probe tip can be of an arbitrary shape but is
assumed locally spherical when it approaches the semiconductor surface. We
investigated theoretically the effect of neutral STM metallic tip on the donor binding
energy and the electron wavefunction when a neutral donor is placed near a
semiconductor-vacuum surface [8]. In this paper, the binding energy of the shallow
donor located near a semiconductor surface in the presence of STM tip held at a fixed
potential is investigated.
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2.THEORY

2.1. The configuration of the system

We consider the ground state energy of a neutral donor located near the surface
of a semiconductor in the presence of a charged STM tip, which we approximate by a
metallic charged sphere. We assume that the vacuum layer between the tip (sphere)
and the semiconductor surface (XO'Y plane) near point O’ in Fig.1 is very thin and
does not contribute to any dielectric mismatch and thus only the metallic tip screens
the Coulomb potential. The value of the static dielectric constant ¢ for typical
semiconductors of interest is about 10 while we take it infinity in the metal. Our
numerical calculations are done for Si doped GaAs with the effective Bohr radius

a, = h’c /m,e’ ~100A4° and the effective Rydberg energy R" = ¢’ /2ca,
=5.15meV, where m, is the effective mass. The potential created by the impurity
electron in the tip vicinity can be found using the method of images.

2.2. The vertical position of the tip

Here we consider the case when the tip is positioned just above the donor
which is located at the point D (see Fig. 1a) on the z-axis (i.e. the center of the tip is on
the z-axis) and approaches the semiconductor only in the z-direction.

The potential energy of the impurity electron (with the charge —e) at point A
near the donor impurity (with charge q = e) located at point D (at the distance

d = O'D from the semiconductor surface) in the presence of the STM tip (the sphere
with the radius a) held at a fixed potential is:

Ugy =€°/¢[-a/20A-CA+a/OD-AB-1/ AD-n/OA] )

where ¢/ = ea / OA is the electron image which arises at point C at the distance
OC = a’ / OA from the tip center; the donor image ¢’ = —ea /OD is located at

point B at the distance OB = a® / OD from the center of the tip. The first term in

Eq.(1) describes the attractive interaction between the electron and its image, the
second term is due to the repulsive interaction between the electron and the donor
image, as well as between the donor and the electron image, and the third term
represents the normal impurity-electron interaction.

The term n / OA in Eq. (1) describes the STM tip electric field effect, i.e. the

interaction of the electron with the charge ne(n = £1,2..) and OA is the distance of

the electron from the sphere center. Since the problem is cylindrically symmetric, we
use cylindrical coordinates with the center in point O’ with the z-direction through
point D. We find the following expressions for the distances: the distance CA between
the electron and its image is
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Fig. 1. Schematic picture of the system configuration in the case when the tip: (a) is placed on
top of the donor; (b) is shifted (non-central) laterally with respect to the donor. The donor is
positioned at point D
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the distance BA between the electron and the donor image is

BA:\/p2 +{z+ X +[a_a’a:dD
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the distance AD of the electron from the impurity is AD = /p” + (z — d)* and the

donor-tip center distance is OD = a + X +d = a’ +d with X being the interval
between the tip and the semiconductor surface.

In dimensionless units expressed in terms of the effective Bohr radius and twice
the effective Rydberg energy, the Hamiltonian of the system is

H=—t
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We choose the ground state variational wave function of the system as

Y = Nzexp(—LCA)exp(—Ar), (%)

where 7= AD = ,/p* + (2 —d)* . This wave function satisfies the boundary
condition ¢ (z = 0) =0 where 3 and A are variational parameters. The ground

state energy of the system is given by
~ H v Hypd pdz

= (6)
H|l//|z pd pdz
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3. The negatively charged tip. The application of a positive sample voltage on
the STM tip causes a depletion area under the tip near the semiconductor surface,
which decays into the bulk. At some critical voltage, the electron is repelled from the
donor center and released into the conduction band [4, 5]. In the present work, to
obtain the parameters (a, X, n) for ionization of the donor placed at a depth d, we
minimize the energy of the system given by Eq. (6). In the case of a charged tip with
positive voltage (positive potential energy for impurity electron) we assume that there
is one negative elementary charge on the tip n = —1 which creates the potential

V = —e/eaon the tip. For different values of the parameters a andd, we find the
critical distance between the tip and the semiconductor surface X, at which the total

energy of the system is near zero, i.e. the system is close to the ionization.
We plotted in Fig. 2a the dependence X (d) for two different values of the tip

radii (a = 0.5a, anda = 0.2a,,) for which the energy is 10 *in units of 2R, i.e.

10 *meV. The corresponding dependencies for the average positions < z — d >and
< p >are shown in Fig. 2b.
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Fig. 2: a) The dependence of the critical value of the tip-semiconductor distance X for donor ionization
(for two different values of the tip radii &= 0.5a; and a = 0.2a ) on the distance d when the charge
of the tip is —e (i.e. N ==1). Inset: schematic representation of the studied systems; b) The

corresponding average positions of the electron < p >and <Z— d > as afunction of d for
a=0.5a," and a=0.2a, when the donor is almost ionized; the energy is about 107 (2R*)
It is clear that for the fixed distance X , the effect of the tip voltage is stronger
for a smaller tip. Indeed, with increasing the tip size this effect becomes weaker since

the center of a larger tip is farther from the donor, while the effect of the images
becomes stronger.
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As a consequence, when we change the tip radius from a=0.2a; to
a=0.5a; the influence of the tip charge decreases (leading to a tiny decrease in the

tip term in the potential of about 0.04R*), meanwhile the role of the image charges
increases (leading to a small positive shift in the first term which compensates this
decrease in the tip term) and so the total shift remains the same and leads to a zero
total energy. As a result, as shown in Fig. 2a, for both values of the tip radius

a=0.5a; and a=0.2a; at the donor depth d = 1, the critical distance X equals
X, =11

From mathematical point of view, the solved problem is identical to another
one, namely, when a metallic sphere with radius a is placed near a semiconductor
surface.

It should be noted that our calculations are performed for any radius of the
metallic sphere and not only for small sizes connected with the tip radius. The results
obtained show that the donor binding energy is very sensitive to the tip voltage or to
the voltage applied to a small metallic sphere located near the semiconductor
interface. This fact gives us the possibility to apply the results for developing new
methods for gas sensor creating.

The negative charge on the metallic sphere can be formed e.g. by the absorption
of oxygen ions from the atmosphere which leads to the formation of the depletion
layer and to the ionization of donor states located near the semiconductor interface.
The donor electrons then can contribute to electrical conductivity and the presence of
ions can be indicated by the change in current, capacitance or resistivity depending on
the device design.

It should be noted that today it is possible to dope the material in a controlled
way and to tailor the electronic properties of semiconductors that leads to the creation
of new functional electronic devices.
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Jdwphwghnt Gnwuwyny hbwnwgnnytp 5u Yhuwhwnnpnsh depddwytipunipwihu wnp-
pnypenud inbnujuwgywd nnunpwiht fuwnunipnh hhduwlwu yhbwyh Lubipghwu W wihpwjhu
$niuyghwt’™ mbuwdpnn pniutjwiht dwupwnhunwyh uwjpnyg unbndyws kjGYunpwlwu nwownnd:
8nyg £ wipybi, np uwjph npwlwu yninbughwih nbwpnud Yuwnwpynud £ nnunpwght Yunpnuh
hnuwgnul: Rutwpyyb) £ unwgywsd wpryniupubiph hhdwu ypw unp wmhwh ququihtu nbinky-
wnpubph unbinddwu huwpwynpnype)niup:

Unwtgpuyphti pwnbip. nnunpwihu yhéwyutip, dipddwlybplinype, pniubiwihtu dwupwnh-
nwyh uwyn:

A.A. ABETHUCSIH, AL JIZKOTSH, B.B. BYHUATSIH

®U3NYECKHUE CBOMCTBA IMMPUIIOBEPXHOCTHBIX JJIOHOPHBIX
COCTOSIHUH B TOJIYIIPOBOJHUKE BO BHEIIIHEM
SJIEKTPUYECKOM IOJIE

BapuannoHHBIM METOIOM UCCIICIOBAHEBI SHEPTHS M BOJNHOBBIC (DYHKIIMH HEHTPAIBHOTO
JIOHOpA, JIOKAJIM30BAHHOTO BOJIM3M TIOBEPXHOCTH TIOYTIPOBOTHUKA BO BHEITHEM DJIEKTPUICCKOM
oJie, CO3AaHHOM METAJUIMYECKUM OCTPHEM CKaHUPYIOIIETO TyHHeIbHOro MuKpockomna (CTM)
WIM METAJTMYECKUM apukoM. [lokazaHo, 4TO MpHU MOJOKUTEIBHOM HAIPSKEHUU Ha OCTpUE
CTM mnpowucxoauT noHM3anus aoHopa. OOCyXJaeHa BO3MOXHOCTh MPUMEHEHHsS TIOTydEeHHBIX
PE3YNBTATOB JIJISl CO3/IaHUSI HOBOT'O THIA Ta30BbIX JETEKTOPOB.

Knroueevie crosa: TOHOPHBIC COCTOSHIUS, HHTEPQEHC, OCTpUE CKAHUPYIOIIETO TYHHEIh-
HOTO MHKpPOCKOIA.
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