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1. INTRODUCTION

Many problems of microelectronics, and especially
nanoelectronics, are directly related to the formation of
semiconductor structures with a clean and uniform sur-
face of a sufficiently large area. This applies to GaAs.
In the ideal, we keep in mind the fabrication of an atom-
ically clean and atomically smooth surface. However,
the actual attainment of this purpose in laboratory and
especially production conditions meet a number of dif-
ficulties. They are associated with the development of
both the methods of treatment and cleaning of the semi-
conductor surface and the methods of sufficiently sim-
ple and effective control of the state of the surface,
namely, the structure, composition, profile, and poten-
tial. In the last two decades, considerable achievements
have been made in both directions. Particularly, the
methods of scanning atomic force microscopy not only
provide important information on the properties of the
surface at the nanolevel, but also become more avail-
able in practical development.

In some studies (see, for example, [1]), it has been
shown that the use of concentrated hydrochloric acid in
solutions of ethanol and isopropanol with pH < –1 leads
to the formation of amorphous arsenic on the GaAs sur-

face, from fractions of a monolayer to one to three
monolayers thick, depending on the preliminary state.
This layer can be rather simply removed by heating in
ultrahigh vacuum at 

 

T

 

 

 

≤

 

 400

 

°

 

C in order to obtain virtu-
ally atomically clean surface. However, in production
practice, treatments that are more accessible are used
[2]; such treatments give quite satisfactory results, for
example, for the fabrication of the micrometer-size
Schottky-barrier contacts. This is indicated by the
rather high quality of their current–voltage (

 

I–V

 

) and
other characteristics [3]. However, the problem of
improvement of characteristics of the Schottky-barrier
contacts (in very different applications) and increasing
their sensitivity and stability is rather urgent, especially
when going to the region of submicrometer sizes, and is
largely limited by the quality of preparation of the surface
and its control in the process of device fabrication.

In connection with the aforesaid, the purpose of this
study was to use scanning atomic force microscopy
(AFM) to gain insight into the state of the surface (pro-
file, phase contrast, and potential) of epitaxial GaAs sub-
jected to various treatments used in practice for fabrication
of Schottky-barrier metal–semiconductor contacts.
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Abstract

 

—Using the method of atomic force microscopy, complex studies of the profile, potential distribu-
tion 

 

ϕ

 

(

 

x

 

, 

 

y

 

), and distributions of the phase contrast of the surface of 

 

n

 

-GaAs subjected to various types of chem-
ical treatment are carried out. The distribution of the potential and phase contrast at a microlevel, in general,
correlates with the profile character. The surface treated in the solution H

 

2

 

SO

 

4

 

 : H

 

2

 

O = 1 : 10 is characterized
by a high degree of nonuniformity with an average roughness of the main profile 

 

Δ

 

h

 

 

 

≈

 

 10 nm. A considerable
part of the surface is covered by hills 20–60 nm in height and 100–500 nm in diameter forming a specific sub-
structure, which correspond to potential jumps as large as 50–60 mV against a general background of 0.77–0.80 V.
At a nanolevel, correlation between the profile and phase contrast is clearly pronounced, but no correlation is
found between the profile and potential distribution. Treatment of the surface of 

 

n

 

-GaAs in a concentrated aque-
ous NH

 

4

 

OH solution leads to a decrease in the value of 

 

ϕ

 

(

 

x

 

, 

 

y

 

) by ~0.2 V, and in its roughness by more than an
order of magnitude (~0.75 nm). The distribution of the profile and phase contrast over the surface is close to the
ideal Gaussian distribution for relatively small areas of the surface (200 

 

×

 

 200 nm

 

2

 

). As the area increases, devi-
ation from the Gaussian distribution becomes substantial because of smooth variation in the potential over the
contact area. Conservation of the Gaussian character of the surface profile and a simultaneous rise in the average
level of the roughness with an increase in the analyzed area indicates the fractal mechanism of formation of the
surface profile.

PACS numbers: 68.47.Fg, 68.37.Ps, 73.61.Ey, 68.35.Ct, 61.43.Hv, 68.55.-a
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2. EXPERIMENTAL

We studied the structures 

 

n

 

–

 

n

 

+

 

-GaAs:Sn (100)
obtained by MOC-hydride epitaxy with an epitaxial
layer 0.3 

 

μ

 

m thick and a concentration of dopant in the

 

n-

 

layer of 6 

 

×

 

 10

 

16

 

 cm

 

–3

 

. The structures passed a stan-
dard processing itinerary (itinerary 1). This involved
the preliminary chemical cleaning (mainly for degreas-
ing) via sequential treatments in monoethanolamine
(C

 

2

 

H

 

7

 

ON), dimethylformamide (C

 

3

 

H

 

7

 

ON), and isopro-
panol (C

 

3

 

H

 

7

 

OH). To remove native oxides, we used
treatment in the solution H

 

2

 

SO

 

4

 

 : H

 

2

 

O = 1 : 10 (pH = –0.5)
for 10 s (counteretch). Then, prior to fabrication of the
ohmic contact to the substrate, the epitaxial layer was
protected by a silicon oxide (SiO

 

2

 

) layer 100 nm thick,
which was deposited plasmochemically (by decompo-
sition of monosilane) at 

 

T

 

 = 280

 

°

 

C. The ohmic contact,
which is necessary for performance of precision AFM

studies, was fabricated after removal of the traces of dep-
osition of SiO

 

2

 

 in a 5% HF solution and 30 

 

μ

 

m of the sub-
strate in the etchant H

 

2

 

SO

 

4

 

 : H

 

2

 

O

 

2

 

 : H

 

2

 

O = 3 : 1 : 1. Fabri-
cation of the ohmic contact involved the electrochemi-
cal deposition of the AuGe alloy (0.2 

 

μ

 

m), its firing in
the hydrogen atmosphere for 5 min at 450

 

°

 

C, and sub-
sequent deposition of a gold layer 0.2 

 

μ

 

m thick. Then
insulator was removed from the front surface in a buffer
etchant (HF : NH

 

4

 

F (40%) : H

 

2

 

O = 15 : 115 : 31 volume
fractions) with subsequent rinsing in deionized water
for 2 min. As the finish treatment, which is usually used
immediately prior to deposition of barrier contacts, we
used counteretch of the surface (see above) and washed
in isopropanol.

Itinerary 2 differed from itinerary 1 only in the fin-
ishing treatment of the surface, where ammonia treat-
ment was used instead of counteretch. The former
involved treatment in a concentrated (25%) aqueous
solution of NH

 

4

 

OH (pH = 12) and washing in isopro-
panol.

Studies of the surface were carried out using a
Solver-NDT commercial atomic force microscope
(AFM), which provided the measurement of the surface
profile, potential distribution over the surface, and its
phase contrast [4–6]. The scanning step was deter-
mined by the selection of linear sizes of the scanned
region and by the used number of steps (256 

 

×

 

 256).
Measurements were carried out in air under stan-

dard conditions in a semicontact operation mode with
the use of a two-passage procedure. For operation in the
semicontact mode, we used Si cantilevers of the
NSG10/W

 

2

 

C type, which comprised a micromechani-
cal facility consisting of a beam 35 

 

μ

 

m in width, 60 

 

μ

 

m
in length, and 2 

 

μ

 

m in thickness mounted on a support
(Fig. 1a). At the free end of the beam, on its lower sur-
face, a tip with radius 

 

r 

 

= 35 nm covered with a solid
current-carrying W

 

2

 

C coating 30 nm thick was formed.
Operation in the semicontact mode implies oscillation
of the cantilever tip at a resonance frequency of the
beam 

 

ω

 

z

 

. The two-passage procedure implies twice-
repeated passage (scanning) of the same scan line by
the tip.

During the first passage, mechanical oscillations of
the beam at the resonance frequency 

 

ω

 

z

 

 are excited by
piezoelectric elements. The measurement of the surface
profile (coordinate of the 

 

i

 

th point of the surface 

 

i

 

(

 

x

 

, 

 

y

 

, 

 

z

 

))
of the sample is performed by the feedback signal,
which is determined by the travel of the beam tip in the
(

 

xy

 

) plane and by the variation in the amplitude of its
vibrations 

 

A

 

iz

 

(

 

ω

 

z

 

) along the 

 

z

 

 axis in the instant of
touching the surface with the tip.

Simultaneously with plotting the image of the spa-
tial surface profile during the first passage, the image of
its phase contrast is plotted. During scanning of the sur-
face in the semicontact mode, a periodic variation in the
oscillation phase 

 

θ

 

 at each impingement of the tip of the
cantilever needle with the surface caused by the inter-
action of the needle with the surface substance takes
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Fig. 1.

 

 (a) Schematic representation of the operation of the
atomic force microscope in the two-passage mode and
(b) current–voltage characteristics recorded using a scanning
probe (tip of the cantilever needle) by a contact method in two
various points of the surface marked by symbols 

 

1

 

 and 

 

2

 

.
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place. The image of the surface of the phase contrast
comprises the distribution of the phase variation 

 

Δθ

 

 in
the (

 

x

 

, 

 

y

 

) plane. The variation in 

 

Δθ

 

 is caused by differ-
ent properties of segments of the surface, with which
the needle interacts (microhardness, viscosity, plastic-
ity, etc.), which in practice reflects the variation in the
phase composition of the surface. In a two-dimensional
image of the phase contrast, the same variation in 

 

θ

 

(homogeneity of the phase composition) is character-
ized by one shade of gray. Therefore, the distribution of
the shade of gray in the (

 

x

 

, 

 

y) plane will give a qualita-
tive pattern of spatial distribution of the physical prop-
erties of the surface.

During the repeated passage of the cantilever, after
the measurement of the surface profile and phase con-
trast, the potential profile of the surface is measured.
For this purpose, the cantilever tip is lifted over the sur-
face for a distance Δz. To excite the oscillations of the
tip, the ac voltage (signal) is applied directly to the
probe–sample system in this case. The frequency of the
ac voltage (signal) is selected equal to the resonance
frequency ωz, which provides isolation and measure-
ment of only the electric component of the force Fz act-
ing between the sample and cantilever.

The force of electrical interaction Fiz between the
ith point of the sample surface and the tip of the canti-
lever needle is determined by the gradient of energy E
accumulated by the capacitance of this system Ci (E =

):

(1)

Here, Ui(z) is the potential difference between the
ith point of the surface and the cantilever, which
involves the surface potential with respect to the
grounded contact ϕi(x, y), an external weak ac signal
with amplitude U1 and frequency ωz, and the constant
(compensating) voltage U0:

(2)

Substituting (2) into (1), we can easily isolate the mea-
sured harmonic component of the interaction force:

(3)

From the balance condition Fzi(ωz) = 0, we determine
the potential ϕi(x, y) equal to the external compensating
voltage U0.

Since ∂C/∂z considerably increases as the distance
decreases, the optimal condition for carrying out the
measurements is the condition Δz < r.

Figure 1b shows the I–V characteristics of the
probe–sample (W2C–n-GaAs) system for the point
touching of the surface by the needle tip for two differ-
ent points. Despite the fact that the radius of such con-
tact is small and comparable with the radius of the tip

CiUi
2
/2

Fzi
∂E
∂z
------–

1
2
---Ui

2∂C
∂z
-------.–= =

U U0 ϕi x y,( )– U1 ωzt( ).sin+=

Fzi ωz( ) 1
2
--- U0 ϕi x y,( )–[ ]U1 ωzt( )sin{ }∂C

∂z
-------.–=

of the cantilever needle equal to 35 nm, the shape of
represented I–V characteristics corresponds to the type
of the diode I–V characteristic of the Schottky-barrier
metal–semiconductor contact. This circumstance directly
indicates that there exists a potential barrier in the
probe–sample system, a part of which, in a general
case, is the contact potential difference or the surface
potential ϕi(x, y) [7].

Notice that the surface was scanned with a fixed
number of steps (points, pixels) N = 256 × 256 irrespec-
tive of the scanned area.

3. RESULTS AND DISCUSSION

Although the preliminary history of formation of the
surface is undoubtedly important, it is evident that the
finishing processes exert the most profound effect on its
state. In our case, this is removal of silicon oxide in a
buffer etchant, treatment in the aqueous solution of sul-
furic acid, and short-term rinsing in deionized water
(itinerary 1). It is known (see, e.g., [8]) that acidic solu-
tions (pH < –0.3) dissolve oxides of GaAs. For this pur-
pose, solutions not only of sulfuric acid but also of
hydrochloric acid (HCl : H2O = 1 : 1, pH = –0.7) are
used [9–11]. Subsequent rinsing in deionized water
removes the products of dissolution and traces of the
solution itself, but also stimulates oxidation of the sur-
face [8]. For this reason, short-term rinsing is used. As
a result, the surface is formed, on which the presence of
oxides of gallium and arsenic is not just possible [8] but
is really observed (see, e.g., [12]).

Figure 2 shows the images obtained using AFM
measurements of (a) the surface profile, (b) surface
potential, and (c) phase contrast of epitaxial n-GaAs
layer passed the standard chemical treatment (route 1).
The bottom part of each of the images represents the
relief profiles of these images corresponding to the sec-
tions marked by dashed lines. Let us at once notice the
well-pronounced correlation between all three charac-
teristics of the surface as concerns the characteristic
hills (islands) 20–60 nm in height and 100–500 nm
diameter on a relatively smooth surface of n-GaAs
(Fig. 2a). These hills correspond to potential jumps of
20–40 mV against the background of its relatively
smooth variation (Fig. 2b) and clearly pronounced vari-
ations in the phase composition (Fig. 2c). The correla-
tion between the phase contrast and surface profile is
also confirmed by the comparison of their profiles (see
dashed line in Fig. 2c): the profile peaks correspond to
valleys in the phase contrast, although the pattern of the
phase contrast looks like more complex. We can state
that the described hills (islands), in general, differ by
the phase composition and form a specific substructure,
which uniformly covers the entire surface of the epitax-
ial n-GaAs layer. There are strong grounds to associate
the presence of the surface roughness (and other fea-
tures of the profile) with the treatment’s character. For
example, this is indicated by comparison with the sim-
ilar results of the study of the GaAs surface after



534

SEMICONDUCTORS      Vol. 42      No. 5      2008

BOZHKOV et al.

removal of silicon oxide by etching in a buffer etchant.
It turned out that in the last case, the profile does not
contain a considerable amount of hills (which unam-
biguously associates their emergence with counter-

etch), and the level of the surface roughness (see below)
is substantially lower than after counteretch.

The main smoother surface profile (between the
hills) corresponds to the roughness Δh ≈ 10–15 nm.
Separate pits as deep as 10 nm and with the transverse
section as large as 100 nm are clearly pronounced
(Fig. 2a). The surface potential in this region varies
rather smoothly (Fig. 2b). Oscillations amount to 10–
20 mV over areas of hundreds of square micrometers,
and potential fluctuations at the nanolevel are even
lower. It is difficult to discuss the correlation between
the profiles of potential, roughness, and phase contrast
at the nanolevel. We can only notice that the pits (or
pores) found at the spatial profile do not noticeably
manifest themselves in the potential profile.

At a high resolution (Figs. 3a, 3b), it is evident that
the surface profile of n-GaAs and the phase contrast are
formed by the layer of rather uniform grains adjacent to
one another. These grains (especially in the image of
the phase contrast) have clearly pronounced boundaries
and relatively small oscillations in size (50–100 nm in
diameter, 10–15 nm over the height). It is interesting
that the prominent islands of the profile in Fig. 3a, sim-
ilarly to the regions outside of them, also have a grain
structure with the difference that their grains are accu-
mulated into three-dimensional clusters (aggregates),
which distinguish them against the background of the
main profile. In Fig. 3b, the image of the phase contrast
in the region of islands and outside of them differs
rather weakly. However, the qualitative correlation
between the profile and the phase contrast is clear: it is
evident that the profile peaks in Fig. 3a correspond to
rather clearly outlined regions of the phase contrast.

In the bottom part of Figs. 3a and 3b, the profiles of
roughness and phase contrast corresponding to the
mentioned sections (1) and (2) are represented. The
sections are selected so that one of them passes through
the prominent island (2), and the other one passes
through the region of the main smooth surface profile (1).
The surface profiles look smoother, excluding certain
abrupt valleys apparently caused by pores, which
reflects the oval form of the grains. In the profiles of the
phase contrast, a relatively flat part corresponds to the
regions of grains, which reflects the homogeneity of the
phase, and the valleys correspond to their boundaries.
The deepest valleys also possibly correspond to the
pores. Under close examination, it is easy to verify the
correlation of both profiles for section (1) (Fig. 3a):
grain boundaries correspond to jumps of the phase con-
trast. With respect to section (2), it is more difficult to
make such a conclusion, since the profile is substan-
tially roughened because of the presence of a rather
high hill. In general, we can state that although interpre-
tation of the phase contrast has a qualitative character,
it gives important additional information with respect
to not only the phase composition but also the geomet-
ric structure of surface features.
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Fig. 2. AFM images of the segment (13.3 × 13.3 μm2) of the
surface of the epitaxial n-GaAs layer treated by route 1.
(a) Spatial profile and its transverse section, (b) potential
profile of the surface and its transverse section, and
(c) phase contrast of the surface profile and its trans-
verse section. The dashed line in Fig. 2c reproduces the
profile Δh(x) in Fig. 2a.
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It is noteworthy that the AFM method is rather
widely used for the study of the surface profile of semi-
conductors. However, the data on studies of the phase
contrast and potential distribution over the surface are
rather limited. Results of the study of the GaAs surface
qualitatively similar to Figs. 2a and 3a were reported in
[12], although due to different histories of the surface,
the quantitative parameters of the profile substantially
differ. Based on the results of [12] and others [2, 8, 13],
we can state that the surface profile of GaAs is formed
preferentially by oxides of gallium and arsenic. Based
on the represented results, we can assume that the pres-
ence of hills, by virtue of correlation of their location
with the distribution of the surface potential, is associ-
ated with the presence of active segments on the surface
(where the negative charge is localized), which pro-
mote acceleration of oxide growth.

A general notion of the complexity of the profile,
surface potential, and phase contrast of the surface is
given by corresponding bar graphs presented in Fig. 4.
The main part of the images are approximated by three
bar graphs, which can be conventionally prescribed to
three main phase-structural features on the surface.
According to what is expected from the analysis of the
equilibrium state of the system in contact with acidic
solutions and water [8], these can be oxides of arsenic
and gallium and elemental arsenic, although more com-
plex formations are not excluded. We can notice the
presence of rather pronounced distribution tails. A large
part of them corresponds to relatively large-sized fea-
tures (hills with Δh > 20 nm) with an increased poten-
tial and phase contrast. The additional complexity of
interpretation of the potential bar graphs is the fact that
smooth variation in the potential on the surface, proba-
bly associated with the nonuniformity of bulk proper-
ties, is superposed on a general pattern. As for the bar
graph of the phase contrast, it is given mainly for com-
pleteness of the pattern, since its immediate physical
interpretation is still difficult.

Let us add to the aforesaid that the left-hand part of
the distribution is probably affected by dark strips near
the structural hills (Fig. 2a), which are associated with
methodical features of the image formation near abrupt
hills and pores.

A drastic variation in the state (primarily, composi-
tion) of the GaAs surface can be attained by treatment
in clearly pronounced alkaline (pH ≥ 13) and acidic
(pH < –1) media, in which not only dissolution of
native oxides but also their effective removal from the
surface are possible. In this case, only elemental arsenic
can be present in the equilibrium on the GaAs surface
[8]. Such an abrupt variation in the surface state should
lead to an identically abrupt variation in its characteris-
tics. In this study, for this purpose, we used the finishing
treatment of the surface in a concentrated NH4OH
aqueous solution (ammonia treatment), after which the
sample was placed into isopropanol, heated until
boiled, and dried in its vapors for 5 min (see route 2). In

such a medium, the earlier present native oxides are
effectively dissolved and removed from the surface [8].

It follows indeed from Figs. 5 and 6 that the state of
the GaAs surface changes drastically. First of all, hills
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Fig. 3. AFM images of the segment (1 × 1 μm2) of the sur-
face of the epitaxial n-GaAs layer treated according to route 1.
(a) Three-dimensional spatial profile and its transverse sec-
tion and (b) phase contrast of the surface profile and its
transverse section.
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of the microprofile (island formations) and the corre-
sponding potential peaks disappear. The surface rough-
ness decreases virtually by an order of magnitude
(Fig. 5a). Similarly, fluctuations of the potential (Fig. 5b)
and phase contrast (Fig. 6a) decrease (profiles of
images presented in their bottom part correspond to

sections marked by dashed lines). An additional sub-
stantial variation is a decrease in the surface potential
by approximately 0.2 V. A smooth variation in the
potential is noticeable (Fig. 5b). Its causes are appar-
ently associated with the effect of bulk forces for the
samples selected for the study.
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Fig. 4. (a) Bar graphs of the distribution of the roughness Δh
of the spatial surface profile represented in Fig. 2a (route 1),
(b) bar graph of the distribution of the potential of this sur-
face ϕ(x, y), and (c) bar graph of the phase contrast. Points cor-
respond to experimental values (1), dashed lines correspond to
approximation by the Gaussian functions (2), and solid lines
correspond to the sum of the Gaussian functions (3).
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Fig. 5. AFM images of the segment (1 × 1 μm2) of the surface
of the epitaxial n-GaAs layer treated by route 2. (a) Three-
dimensional spatial profile and its transverse section and
(b) potential profile of the surface and its transverse section.
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One interesting circumstance should be noted. The
variation in the surface potential due to the treatment,
which initiates the emergence of elemental arsenic on
the surface, is consistent with interpretation of the vari-
ation in the barrier height in the model of Spicer et al.
[14–16]. According to the conclusions of these authors,
an increase in the As content in the near-surface region
and, consequently, an increase in the concentration of
AsGa centers as compared to GaAs centers should shift
the Fermi level to a level 0.75 eV, one of two donor lev-
els emerging on the surface during deposition of metal.
The barrier height in the M–n-GaAs contact (M is metal)
should decrease in this case. In contrast, a decrease in the
concentration of AsGa centers should shift the Fermi level
to a level 0.5 eV, i.e., to increase the barrier height in the
contact. It is evident that in our case, a decrease in the sur-
face potential completely corresponds to a decrease in the
effect of As in the M–n-GaAs contact.

It follows from Figs. 5a and 5b (and especially from
comparison of the roughness and potential profiles) that
correlation between the surface profile and potential
distribution is absent. However, in this case, we can
also discuss the correlation of the roughness and phase
contrast of the surface, as it follows from comparison of
their profiles in Fig. 6. Its presence once more confirms
the natural relation between the profile of the surface
and its phase contrast, which we mentioned when ana-
lyzing Fig. 3.

Statistical processing of the data of the profile
(Fig. 7a) shows that the last one is ideally described by
a Gaussian distribution peaked at Δh ≈ 0.76 nm. Practi-
cally the same can be applied to the distribution of the
phase contrast (Fig. 7c), which once more indicates
their connection. The potential distribution is consider-
ably more complex (Fig. 7b), but the cause for this is
evident: the rather strong and smooth variation in the
potential mentioned above (Fig. 6b). For segments 1
and 2 with approximately uniform shade of the image
selected in Fig. 6b, potential distributions are close to
the Gaussian one (Fig. 8).

Let us note another interesting result. The Gaussian
distribution for the surface profile is retained virtually
in the same form as in Fig. 7a, and for separately taken
surface segments 1 and 2 in Fig. 8. This fact possibly
indicates that the characteristic size ~0.76 nm is the
minimal size for this profile. The point is that, as the
analyzed area increases, the Gaussian distribution is
still in effect, but the characteristic size that corre-
sponds to the distribution peak rises. For the area 10 ×
10 μm2 it amounts to 2.51 nm, while for the area 99 ×
99 μm2 it is 7.52 nm. This circumstance allows us to
conclude that the profile character corresponds to a
fractal mechanism of its formation, which is widely
used for the description of the profile of metallic and
other surfaces [13, 17].

In the general case, the surface is considered to be
fractal if it consists of parts which are similar to the
whole in a certain sense [18]. The main characteristic of

fractal surfaces is the value of their fractal dimension-
ality 2 < Df < 3, which exceeds the value of topological
dimensionality of the surface under study (Dt = 2) by
definition and therefore is a fractional quantity. No true
fractal surfaces exist in nature. Actual surfaces can be
only self-affined, i.e., can possess the property of simi-
larity in a rather narrow range of measuring scales δ.
According to performed estimates [13], for the epitax-
ial n-GaAs layer, the value of δ can vary in the limits
from hundredth fractions to tens of nanometers.

In this study, in order to determine Df of the surface
of the epitaxial n-GaAs layer, we used the triangulation
method [18]. Calculation of the value of Df by the tri-
angulation method consists of the sequential approxi-
mation of the surface by the set of pyramids and mea-
surement of the area of their lateral surfaces. In this
case, the accuracy of the measurement of the surface
area S depends on the number of such pyramids (num-
ber of divisions), which is determined by the magnitude
of the measuring scale δ. As for the fractal (self-affined)
surface, the quantities S and δ are related by the expres-
sion [18]

, (4)

where S0 is the area of the projection of the lateral sur-
face on the (x, y) plane. Therefore, by the slope of the
linear portion of the dependence lnS = f(lnδ), it is easy
to determine the value of Df. Estimation of the value of
fractal dimensionality of the surface performed by the

S S0δ
2 Df–

=

Fig. 6. Image of the phase contrast of the surface profile of
the segment 1 × 1 μm2 of the epitaxial n-GaAs layer treated
by route 2 and its transverse section.
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triangulation method gave the value Df = 2.42 ± 0.01,
which means a rather developed, specifically with a
pronounced roughness, surface of the n-GaAs layer. A
pronounced surface roughness of the epitaxial n-GaAs
layer leads to a substantial increase in its surface area.
For example, estimates of the actual surface area repre-
sented in Fig. 5a and based on expression (4) gave the
value 10.27 μm2, which is larger by an order of magni-

tude than the area of the scanned window (scan), equal
to a mere 1 μm2.

It is interesting that for the surface treated by route 1,
the dependence of the average roughness on the size
of the area under study is also observed. As a result, it
is established that counteretch of the surface of the epi-
taxial n-GaAs layer leads to a lower value of Df =
2.19 ± 0.01. The lower value of the quantity Df indi-
cates that, despite a large average surface roughness Δh
(roughness size), its actual area exceeds the scan area
1 μm2 by a factor of only 2.87. Therefore, we can see
that the value of fractal dimensionality of the semicon-
ductor surface reflects not only the value of the average
roughness but also the degree of roughness (the charac-
ter of the roughness distribution over the surface).

4. CONCLUSIONS

For the first time, we used the AFM method to study
in detail the profile, potential distribution, and distribu-
tion of the phase contrast of the n-GaAs surface sub-
jected to various chemical treatments. The surface
treated in an aqueous solution of sulfuric acid (H2SO4 :
H2O = 1 : 10) for 10 s (counteretch) is characterized by
a high degree of nonuniformity: the average roughness
of the main profile amounts to Δh ≈ 10 nm. In this case,
a considerable part of the surface is covered by hills
(islands) 20–60 nm in height and 100–500 nm in diam-
eter, which form a specific substructure that uniformly
covers the whole surface of the epitaxial n-GaAs layer.
The relation of the profile with the character of the
treatment is indicated by the fact that removal of silicon
dioxide in a buffer etchant (prior to counteretch) is
characterized by a surface roughness of GaAs lower by
a factor of approximately 5 and by the absence of
noticeable hills. The distribution of the potential and
phase contrast in general correlates with the profile
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Fig. 7. Bar graphs of the distribution of the values of quan-
tities: (a) roughness Δh of the spatial surface profile repre-
sented in Fig. 5a (route 2), (b) potential of this surface ϕ(x, y),
and (c) phase contrast. (1) Experimental values, (2) approx-
imation by the Gaussian functions, and (3) sum of the Gaus-
sian functions.
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Fig. 8. Bar graphs of the distribution of the potential ϕ(x, y)
of isolated segments 1 and 2 of the surfaces of the potential
profile (route 2) represented in Fig. 5b. Symbols a and b
correspond to the experiment, and solid lines represent the
approximation by the Gaussian functions. Symbols a show
the data for segment 2 in Fig. 5 and symbols b show the data
for segment 1 in Fig. 5.
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character. Specifically, the profile peaks correspond to
potential jumps (spikes) as large as 50–60 mV against
a general background of 0.77–0.80 V. However, at the
nanolevel, i.e., for the study of the segments with the
sizes 1 × 1 μm2, no noticeable correlation between the
profile and potential distribution is found. Correlation
of the profile and phase contrast is more pronounced.
The latter, as is known, provides a clearer image of the
profile.

The finishing treatment of n-GaAs surface in a con-
centrated aqueous NH4OH solution with pH = 12
(ammonia treatment) with subsequent rinsing in isopro-
panol, during which the native oxides are removed from
the surface and the main product of interaction is ele-
mental arsenic [8], gives a substantially different pat-
tern of the profile, potential, and phase contrast. The
absolute value of the surface potential decreases by
~0.2 V, and its roughness decreases by more than an
order of magnitude. The same is related to the level of
potential fluctuations. The distribution of the profile
and phase contrast over the area is close to the ideal
Gaussian distribution. The potential distribution corre-
sponds to the Gaussian curve for relatively small seg-
ments of the surface (200 × 200 nm2). As the area
increases, deviation from the Gaussian distribution
becomes very substantial because of a gradual variation
in the potential over the contact area.

The observed conservation of the Gaussian charac-
ter of the surface profile with a simultaneous increase in
the average roughness as the analyzed area increases is
a reflection of the fractal mechanism of the formation of
the surface profile.
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