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Conductivity of nanocontact to AIIIAs- and AIIISb semiconductors with a

native oxide layer
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The work examines surface electronic phenomena in AIIIBV semiconductors, namely AIIIAs and AIIISb with a

native oxide layer, using scanning probe microscopy methods. Using the Kelvin probe microscopy method, it was

shown that the work function of a semiconductor is determined by the work function of the near-surface layer of a

V-group element (As, Sb) formed during oxidation. Measurement of current-voltage characteristics using conductive

atomic force microscopy revealed that the conductivity in the region of a point nanocontact is determined by the

spreading resistance and the height of the Schottky barrier, which depends on the position of the Fermi level in the

bulk of the semiconductor and the work function of the surface layer.
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AIIIBV semiconductors are used to construct electronic

and optoelectronic devices; AIIIAs and AIIISb compounds

are applied in the design of devices operated in visible

and infrared ranges. The efficiency of diode semiconductor

structures depends largely on the magnitude of leakage

currents under reverse bias. The surface is a major

leakage path [1]. Our knowledge of the mechanism of

surface conductivity is still incomplete. Surface conductivity

provides an opportunity to fabricate Ohmic contacts to

semiconductor materials. For example, owing to a high

density of surface electron states, pinning of the Fermi level

in the conduction band is observed in n- and p-InAs. This
Fermi level pinning induces the emergence of a surface

leakage path; a metal contact to such a surface is Ohmic

and independent of the work function of the metal [2].
In GaSb, the surface Fermi level is pinned close to the

valence band top. Therefore, the Schottky barrier for p-
GaSb is significantly lower than the one for n-GaSb [3].

It has recently been demonstrated for AIIIAs compounds

that an As layer is emerged at the interface with a

semiconductor crystal in the process of formation of a

surface native oxide [4]. This layer acts as a source of

surface electron states, and the effective work function

model may be used to characterize Fermi level pinning

on the surface [5]. The mentioned layer is also highly

conductive; since the work function of As is lower than

the electron affinity in InAs, an energy barrier between an

As layer and a semiconductor is lacking. This provides

an explanation for the Ohmic nature of contacts and the

high surface conductivity. When the concentration of Al

or Ga in AlInAs or InGaAs ternary solutions increases, the

conduction band (electron affinity) shifts to a level above

the work function of an As layer, a surface space charge

region (SCR) forms, and the contact to a semiconductor

becomes rectifying [6]. We have demonstrated earlier that,

as in the case of arsenides, an Sb layer is emerged at

the interface with a crystal in AIIISb compounds in the

process of formation of a native oxide. It has been found

that the work function of various AIIISb compounds is

governed by the work function of Sb [7]. Thus, the effective

work function model [5] is applicable to AIIISb and AIIIAs

compounds, and the magnitude of surface band bending in

the region of a metal contact is defined not by the work

function of a metal, but by the relation between the Fermi

level position in the bulk of a semiconductor and the work

function of a layer of atomic Sb [8] or As.

As semiconductor devices continue to miniaturize, their

surface/bulk ratio increases, and surface electron phenom-

ena become dominant. In addition, contacts to such devices

become nanosized. The aim of the present study is to

examine the conductivity of a nanocontact to various AIIISb

and AIIIAs semiconductors with a native oxide layer and

establish the relation between this conductivity and the work

function of a semiconductor.

Scanning probe microscopy (SPM) techniques were used

in the study. The work function was determined by

Kelvin probe microscopy with the reference surface of

a highly oriented pyrolytic graphite with a known work

function [4,7]. NSG30/Pt (NT-MDT, Russia) probes with a

conductive Pt coating were used. Current–voltage curves (I-

V curves) were measured with DCP30 (NT-MDT, Russia)

probes with a conductive coating of diamond heavily doped

with boron. Their tip curvature radius was 100 nm. To

measure I-V curves on the surface with a layer of poorly

conductive native oxide, the probe needs to perforate this
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Figure 1. Measurement scheme of local I-V curves via conductive atomic force microscopy on the cleaved surface of a heterostructure

with an oxide layer and a conductive layer of a group V element at the interface with a semiconductor. The equivalent electric circuit is

shown on the left.

layer mechanically. A pressing force of ∼ 3µN [9] was

applied to the probe for this purpose.

Device AIIISb and AIIIAs heterostructures were exam-

ined. The substrate with grown epitaxial layers was

cleaved. Following cleavage, the structures were exposed

to atmosphere for 24 h to form a surface oxide layer. These

structures were then mounted with a conductive glue to

a stainless steel holder in such a way that cleaved surface

(110) was horizontal (Fig. 1).
It is important to emphasize that each layer had an

electric contact to the holder. The cleaved surface was

examined by SPM. Since the thickness of layers in the

heterostructure exceeded 1µm, the probe provided an

opportunity to measure I-V curves and the surface potential

of each individual layer (see the scheme in Fig. 1). The

compositions and types and levels of doping of the studied

samples are presented in the table.

Figure 2 presents the band diagrams [10], work functions,

and bandgap edges for various semiconductor compounds.

Circles denote the values measured in the present study,

while squares correspond to literature data. It follows

from Fig. 2 that the work function agrees with known

values of 4.85± 0.15 eV for AIIIAs [4] and 4.65± 0.10 eV

for AIIISb [7]. Notably, the work function of n-type
semiconductors is normally lower than the work function

of p-type ones, and the difference increases with bandgap

width, reaching a level of 0.2 eV [11]. This is apparently

attributable to the thinness of the surface layer of a group

V element and incomplete screening of the Fermi level

position in the bulk of a doped semiconductor. It is of

interest to note that the work function of GaAs0.71Sb0.29
lies between the values for p-GaAs and p-GaSb. The likely

cause of this is the work function of an AsSb layer.

Figure 3 shows the I-V curves measured for various

AIIISb and AIIIAs semiconductors. The data for currents

no greater than 1µA are presented. At large currents,

the nanocontact region may be heated significantly, making

it difficult to interpret the experimental data correctly.

It should be noted that the I-V curves for p-GaSb,
p-GaAs0.06Sb0.94, p-Ga0.78In0.22As0.18Sb0.82, InAs, and an

Au film 100 nm in thickness (shown for comparison) were

linear with a slope corresponding to a resistance within the

8−20 k� range. This is the resistance of a point contact

(Rc). Changes in the contact area (due to differences in

semiconductor surface roughness) and the oxide thickness

lead to variations of the contact resistance. With the probe

curvature radius taken into account, the contact resistance

does not exceed 2 · 10−6 � · cm−2, which corresponds to

the resistance of Ohmic micro- and macrocontacts [12].
Thus, the contact for relatively narrow-gap p-type AIIISb
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Figure 2. Work functions and band diagrams [10] of various AIIISb and AIIIAs semiconductors. Circles represent the values measured

in the present study, while squares correspond to literature data [2,11]. Filled and open symbols correspond to p- and n-type materials,

respectively.

semiconductors is Ohmic. The band diagrams in Fig. 2 and

the electric circuit in Fig. 1 may provide an explanation

for this. When a mechanical contact to a semiconductor

with a conductive layer of a group V element forms, one

may identify three major circuit elements: point contact

resistance Rc , spreading resistance Rs , and Schottky diode

Dsc . The spreading resistance is set by the specific

conductivity of a semiconductor and the contact area.

Owing to the surface layer conductivity, the effective contact

area may exceed the area of probe–surface contact. It

is also important to note that the specific conductivity

of a semiconductor depends on the magnitude of surface

band bending. When an accumulation layer forms, the

conductivity increases; when an SCR (depletion region)
forms, the conductivity decreases.

The Schottky barrier is forward- or reverse-connected

depending on the conductivity type of a semiconductor.

The differential resistance of the Schottky diode depends

on the parameters of a surface SCR that are specified by

the difference between the Fermi level positions in the

bulk of a semiconductor and on the surface (work function

of the surface layer of a group V element), the doping

level, and the carrier mobility. The work function on the

surface of p-type AIIISb semiconductors is indeed close

to the Fermi level energy in the bulk of a semiconductor.

Therefore, surface band bending is virtually nonexistent in

these semiconductors, and this results in the formation of

an Ohmic contact.

When the concentration of As or Al increases, the Fermi

level in the bulk of a p-type semiconductor shifts downward,

increasing the magnitude of surface band bending and

making I-V curves nonlinear. For example, a nonlinear I-V

curve with a spreading resistance of 2M� is observed for

Ga0.66Al0.34As0.025Sb0.975. The I-V curve for GaAs0.71Sb0.29
is rectifying with a spreading resistance of 5G�. A further

enhancement of surface band bending in GaAs leads to

currents < 100 pA within the voltage interval from −2

to 2V.

I-V curves for n-type AIIISb semiconductors are rec-

tifying. The change in polarity of forward and reverse

branches relative to that of rectifying I-V curves for p-
type materials (cf. the I-V curves for n-GaSb and p-
GaAs0.71Sb0.29) is evident. It is interesting to note that

spreading resistance Rs for n-Ga0.66Al0.34As0.025Sb0.975 is

1.5M�, which is close to the Rs value for an p-type
semiconductor of the same composition. The spreading

resistance for n-Ga0.78In0.22As0.18Sb0.82 is 6M�, while n-
GaSb has Rs = 100M�. The difference in spreading

resistance values may be attributed qualitatively to different

levels of doping of semiconductors and to variations of

the magnitude of band bending that affects the specific

conductivity. In addition, the effective contact area may

increase due to thickening of the conductive layer in the

process of formation of a native oxide. It should be taken

into account the thicker native oxide, the thicker conductive

layer grows [4]. In the case of ternary and quaternary

solid solutions with added In and Al, the surface oxide

thickness is higher [4,13]. in addition, the conductivity of

amorphous As [14] is several orders of magnitude lower

than the conductivity of amorphous Sb [15].

Thus, the values of work function on surface (110) of

AIIISb and AIIIAs semiconductors with a native oxide layer

were measured. It was demonstrated that the work function

is 4.85± 0.15 eV for AIIIAs and 4.65± 0.10 eV for AIIISb.

The work function is governed by the work function of a

group V element that forms a surface conductive layer in
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Figure 3. I-V curves measured on contact of the SPM probe with various AIIISb and AIIIAs semiconductors.

Type and level (cm−3) of doping of the examined semiconductor materials

GaAs InAs GaSb GaAs0.71Sb0.29 GaAs0.06Sb0.94 Ga0.78In0.22As0.18Sb0.82 Ga0.66Al0.34As0.025Sb0.975

n, 1018 n, 1018 n, 1017 p, 1016 p, 1016 n, 1017 n, 1018

p, 1018 p, 1018 p, 1017 p, 1017 p, 1018

the course of oxidation. When a nanocontact to the surface

of a semiconductor is formed, the conductivity is set by

the spreading resistance and the magnitude of surface band

bending between the layer and the semiconductor material.

The obtained results should help design AIIISb and AIIIAs

devices with improved performance features.
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