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Abstract. The paper presents the study of morphology and roughness of (100) surfaces of
GaAs single crystals grown by the Czochralski method. The surfaces were prepared in a
different way: mechanical polishing, chemomechanical polishing, mechanical grinding, wet
polishing etching, anisotropic etching. The X-ray grazing incidence reflectivity, atomic force
microscopy, scanning tunneling microscopy, optical specular reflection, and profilometric
methods were complementary used. The application of these methods allowed to reveal the
details of differences in the surface morphology varied with the way of its preparation.

Keywords: GaAs, surface roughness, X-ray reflectometry, optical reflection, atomic force

microscopy, profilometry

Paper received 21.06.00; revised manuscript received 10.09.00; accepted for publication 12.12.00.

1. Introduction

The present paper is devoted to the research of the sur-
faces of GaAs single crystals as it is a material of great
technological importance, especially in many applica-
tions and production of optoelectronic devices such as
semiconductor photodiodes and lasers, and the quality of
the surface influences parameters of a device, e.g., large
surface roughness decreases the luminescence efficiency
of'it. Very smooth surfaces can be used, e.g., as substrates
for high electron mobility transistors (HEMT) and for
preparation of different structures as well as for epitaxy.

The aim of the present paper is to state an influence of
different surface preparation on their roughness and
morphology. The studied surfaces of GaAs single crys-
tals were prepared in several different ways (mechanical
polishing, chemomechanical polishing, mechanical grind-
ing, wet etching, anisotropic etching) to obtain distin-
guished surface profiles and roughness, micro-relief with
surface irregularities < 10 nm, and macro-relief with ir-
regularities > 10 nm. The former surfaces were investi-
gated by means of grazing incidence X-ray reflectometry
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(GIXR), scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) which are related to the
same nanometer scale. X-ray reflectometry provides av-
erage roughness data from the large surfaces [1-6], and
atomic force microscopy determines a local surface rough-
ness and is very useful in surface morphology research
(see, for example [7]), the latter surfaces were studied by
using the optical specular reflection and profilometry.

2. Experimental
2.1. Samples preparation

Single crystals of semi-insulating and n-GaAs with surfa-
ce orientation (100) were grown by Czochralski method.
The resistivity of semi-insulating GaAs single crystal
(sample GaAs-1) was equal to about 10° Qcm. The car-
rier concentration of n-GaAs was equal to about 108 cm™
for one single crystal (sample GaAs-2), and to about
10'%cm3 for other ones (samples GaAs-3 and GaAs-4).
For each surface a different treatment was used.
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One side of sample GaAs-1 (surface B), both sides of
sample GaAs-2 (surfaces C and D), and one side of sam-
ple GaAs-3 (surface E) were chemomechanically polished
with NaOCl particles in suspension in water/glycerol mix-
ture, then cleaned by means of threefold boiling (1 min.
each) in CCly and acetone, and finally rinsed thoroughly
in distilled water. Surfaces with the very small micro-re-
lief were obtained in this way. Other sides of samples
GaAs-1 (surface A) and GaAs-3 (surface F) were mechani-
cally grinded. Both sides of sample GaAs-4 were chemi-
cally wet etched in polishing mixture of Br, + dioxan +
HCl at temperature equal to 20°C during 1 min (surfaces
G and H). Then surface G was anisotropically etched in
concentrated HNOj acid at temperature 25°C for 2 s and
surface H — in concentrated HNOj acid at temperature
20°C for 15s. The last treatment creates a macro-relief of
dendritic type. The data concerning samples and prepa-
ration of the surfaces studied are given in Table 1.

2.2. Profilometry

The geometric parameters of the relief were estimated us-
ing Dektak-II profilometer with the submicron tip radius.

2.3. Grazing incidence X-ray reflectivity

The X-ray reflectivity at grazing incidence (GIXR) was
measured with the CuKa; (4 = 0.1541 nm) radiation by
high resolution Philips MRD equipped with the Bartels
monochromator. In this way, a highly monochromatic
X-ray beam is obtained (AM/A = 6.9x107) with a low di-
vergence (A® = 12 arcsec). The intensity of the beam
reflected from investigated surface was measured with
the proportional counter. The data were collected in clas-
sical ©:20 scan.

2.4. Optical specular reflection

The optical specular reflection spectra were measured at
room temperature in the spectral range A = (4 — 10.5) x
%10 2nm by a MDR-3 spectrometer for different inciden-
ce angles with both the suitable attachment and the Al
mirror as a standard. The anisotropically etched surfaces
G and H with a macro-relief were studied using a UR-10
spectrometer within the spectral range A = (2.0 —20.0) um
for near normal incidence (¢ = 7°).

Table 1. Characterization of GaAs single crystal samples and their surfaces

Sample Type of Resistivity Carrier Surface Surface Surface Character
conductivity Qcm concentration orientation treatment of the
cm? surface
GaAs-1 semi- A mechanical grinded
insulating 106 - grinding
B chemo micro-
dynamic. relief
polishing
GaAs-2 - C chemo micro-
1018 dynamic. relief
polishing
D (100) chemical macro-
etching relief
GaAs-3 n-semi- - E chemo micro-
conducting dynamic. relief
polishing
F mechanical grinded
grinding
GaAs-4 - 1016 G short micro-
anisotropic relief
etching
H long dendritic
anisotropic macro-
etching relief

In the present paper the surface irregularities < 10 nm are called a micro-relief, and those >> 10 nm — a macro-relief.

500, 3(4), 2000

439



D. Zymierska et al.: Investigations of surface morphology and microrelief ...

2.5. Atomic force microscopy and scanning
tunneling microscopy

Surface morphology was investigated by means of atomic
force microscopy (AFM) as well as by scanning tunneling
microscopy (STM). In the research a NanoScope «Di-
mension 3000 (Digital Instruments)» with SisNy tip, and
a scanning tunneling microscope with a tungsten tip
electrochemically pointed were used, respectively.

3. Results
3.1. Surface profiles

The surface profile functions S(x) for studied GaAs sin-
gle crystals were obtained from profile measurements
using profilometer or stylus instrument. The function S(x)
was used to calculate the surface-autocorrelation func-
tion (ACF). In the present paper only isotropic surfaces
are investigated, therefore ACF can be described by one
argument x and written as G (x) [8-10]. In a one-dimen-
sional model:

G(x) = 8%exp [~ (/L)*" , (1)

where d is the the root-mean-square (RMS) value of the
surface roughness, x is a distance between two points in x,
y plane for which the height-height correlation function is
cosidered, L is a roughness correlation length and /2 1s a
roughness exponent taking values from 0 for a very jag-
ged surface to 1 for smooth hills and valleys at surface.
For i1 =1 the correlation function decays like a Gaussian.

According to the statistical theory the value of d may
be determined by the value of G (0)

§=[G(0)]">, @

and the correlation length L may be obtained from ACF
by means of the formulae:

0

L, =8[-2/G¢"(0)]'2,

where the value of L, characterises a long scale rough-
ness while the value of L refers mainly to a short-scale
case, and for Gaussian surfaces L; = L;.

From Eq. (1) we obtain:

In(In[G(0)/G(x)]) = 2h-In(x/L) , 4)

i.e. the scaling exponent / can be determined from the
slope of this linear dependence (4) (see Fig.1). The ob-
tained surface parameters are given in Table 2.

3.2. Micro-relief from X-ray measurements

The results of X-ray reflectivity measured as a function
of the grazing angle ©; are shown in Fig. 2. For an intre-
pretation of the experimental data the calculated reflec-
tivity profiles were used. The theoretical calculations were
performed in the way presented in the previous paper [11]
which was based on the Fresnel theory [8] and classic
paper of Parratt [12]. To the Fresnel equations valid for
a smooth surface the additional damping factor, so called
scattering coefficient g for reflectivity from a rough sur-
face was introduced, thus the reflectivity from a rough
surface with a relief can be written as

Rrel = Rﬂ 7( /’L 91, 6)a (5)

where Ry is the reflectivity from a smooth (flat) surface, A
is the wavelength of incident X-ray radiation, O, is the
angle of grazing incidence.

The coefficient g has the following form for a Gaussian
distribution of the surface roughness [1, 9, 13]:

Y= exp (-4k258%sin20;), (6)

Table 2. Comparison of surface parameters obtained by applied methods

Surface GIXR AFM Optical reflection Profilometry
RMS 6, nm RMS 6, nm H 4, nm H,, nm 2h |6, nm | H=46, nm | L,nm
A 180 110 1.6 | 38.7 155 226
B 1+£09
C 22+0.5 2.5
D 179 84 1.5 | 38.0 152 284
E 5412
F 301 98
G 10
H 1000-2000
440 SQO, 3(4), 2000
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Fig. 1. The surface autocorrelation function (ACF) for surface A
calculated from the pofilometric data; Gaussian approximation
is indicated by solid line. The insert shows the dependence of
Inln[G(0)/G(x)] on In(x/L) (dashed line) and its straigh-line ap-
proximation (solid line).

where kj is the wave vector of the incident X-ray radia-
tion.

By adjusting the theoretical reflectivity profiles (full
lines) (see Fig. 2) to the measured curves (triangles for
surface B, squares for surface C and circles for surface E,
respectively) the values of surface micro-roughness were
obtained. In the ideal case of non-absorbing solid with
perfectly flat and smooth surface, the grazing incidence
X-ray reflectivity becomes unity below critical angle ©,
and drops to zero for ®; = 1.5 ©, and this decay is ap-
proximately proportional to ®; %, so fitting to the experi-
mental data was performed for angles of incidence smaller
than 0.5°. The best fitting for CuKa; radiation was ob-
tained with the assumption that studied surfaces with mi-
cro-relief are Gaussian ones (2 = 1.0) and for the follo-
wing RMS surface roughness values: for surface B: 0 =
=(4.1£0.9) nm, for surface C: § = (2.2+0.5) nm, and for
surface E: 6= (5.4£1.2) nm. It was estimated that in the
case considered the fitting of the simulated reflectivities
to the measured X-ray data was done with precision of
25 %. The surface irregularities of other surfaces (with
macro-relief) were too high for X-ray studies.

3.3. Macro-relief from optical measurements

The results of the optical specular near-normal reflec-
tion measurements are presented in Fig. 3. According to
formulae (5) and (6) the value of logarithm of the relative
reflection coefficient from a rough surface, R = R,/ Ry,
where R, is the reflection coefficient of a macro-relief
and Ry — the reflection coefficient of the so-called «flat»
surface, is linear versus A2 with A being the wavelength
of the incident optical radiation.

A slope of In(R) line depends on the square of RMS
value of the surface roughness. In Fig. 3 this dependence
for surfaces A, D and F is shown. In these cases broken
lines are registered. Similar dependence of R on A2 was
found for InP surfaces [14]. Two different slopes of the
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Fig. 2. The fitting of calculated reflectivity profiles (solid lines)
to experimental grazing incidence X-ray reflectivity curves meas-
ured with CuKaj radiation from the chemomechanically pol-
ished surfaces of GaAs single crystals with the micro-relief stud-
ied: (a) — for surface C (squares), (b) — for surface E (circles),
and (c) — for surface B (triangles). The obtained RMS surface
micro-roughness values are given in Table 2.

obtained broken line was interpreted as the presence of
two components in the relief. We adopt the same inter-
pretation in the present paper. In other words, from two
different slopes of the broken line we deduced that there
are two different shapes of surface irregularities of the
macro-relief being 180 nm and 110 nm high for surface A
(Fig. 3a), 179 nm and 84 nm high for surface D (Fig. 3b)
and 301 nm and 98 nm high for surface F (Fig. 3c), re-
spectively.

The comparison of the results obtained by means
of different methods applied complementary is given in
Table 2.
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Fig. 3. Value of the logarithm of relative reflection coefficient
In(R’) versus 1/1> with 1 being the wavelength of incident optical
radiation: (a) — for grinded surface A (triangles), (b) — for pol-
ished surface D (squares) and (c) - for grinded surface F (cir-
cles).

3.4. Atomic force microscopy

The result of the surface roughness obtained by X-ray
reflectometry for surface C with the micro-relief was con-
firmed by means of AFM method. In Fig. 4 the three-
dimensional AFM image of randomly selected area of
5 x 5 um? taken in the tapping mode by measuring the
height of the modulation current of the cantilever in z
direction is presented. In Fig. 5a the AFM surface pro-
file taken along a line is given, and on Fig. 5b the histo-
gram of heights relatively some dippest one is presented.
From this histogram the most probable absolute RMS
height can be obtained, i.e. H=10 nm.
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Fig. 4. The three-dimensional AFM image of randomly selected
area of 5 x 5 um? of GaAs surface C with micro-relief taken in the
tapping mode by measuring the velue of the modulation current
of the cantilever in z direction.

Because this surface is similar to Gaussian, the rela-
tion H=4-6takes place [10], and we have got: 6=2.5 nm.
The obtained RMS value of surface roughness is in
excelent agreement with the X-ray value 2.2 nm (see
Table 2).

Local images 8 x 8 nm? in STM and 20 x 20 nm? in
AFM of anisotropically etched GaAs surfaces G and H
are presented in Figs. 6 and 7, respectively. It is seen that

nm
25.0
0 /\ mz Ao LA
J
-25.0
0 1.00 2.00 3.00 4.00 um

Fig. 5a. Surface profile taken along a line of AFM image from
the GaAs surface, the three-dimensional AFM image of which is
shown in Fig. 4.
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Fig. 5b. Histogram of relative heights of this surface microrelief.
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Fig. 6. The STM picture of the area of 8 x 8 nm? of the initial stage
of anisotropically etched GaAs surface G (anisotropic etchant —
concentrated HNOs3, temperature 7 = 25°C, and etching duration
t=2s).

after short anisotropic etching (duration 2 s) the surface
has a form of smooth hills and valleys with height and foot
of about 10 nm. After long etching (15 s) in the same con-
centrated HNOj acid, the height of the surface roughness
in the form of pyramids reaches approximately 1 —2 pum.

4. Discussion

The determination of the surface roughness infrinsic to
different surfaces of the GaAs single crystals obtained
by the Czochralski method has been presented. The sur-
faces were prepared in different ways. Surfaces subjected
to chemomechanical polishing and short wet anisotropic
etching (2 s) revealed the micro-relief with the surface
roughness < 10 nm, and those subjected to mechanical
grinding and mechanical polishing resulted in the macro-
relief with surface irregularities > 10 nm. The surface H
anisotropically etched for a long time (15 s) revealed the
macro-relief of the dendritic morphology. The system of

Fig. 7. The three-dimensional AFM image of randomly selected
area of 20x20 pm? of anisotropically etched GaAs surface H (ani-
sotropic etchant — concentrated HNO3, temperature 7 = 20°C,
and etching duration 7 = 15 s) taken in the same mode as in Fig. 4.
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convex pyramids with the height of about 1-2 um and
with comparative size of planar foot is seen in Fig. 7.
The parameters of the dendritic relief were selected em-
pirically to ensure necessary selectivity of reflection in
the wide spectral region from 0.3 to 25 um. The dendritic
macro-relief is especially attractive for photoelectronic
applications [15].

Because the range of surface roughness which can be
examined depends on the wavelength of used radiation,
X-ray and optical techniques were used complementary.
The optical measurements were carried out in the spectral
range A = (4 — 10.5)-102 nm, and X-ray measurements
were performed with CuKa; radiation (A= 0.1541 nm).
The optical measurements relate to the surface profile
(macro-relief) at micrometer scale, and X-ray ones relate
to the detailed micro-irregularities (micro-relief) at the
nanometer scale.

The independent information about the macro-relief
and the micro-relief surface roughness was obtained by
profilometry and AFM, respectively. Especially good
correspondence of the X-ray results with those of AFM
was found for chemomechanically polished surface C (see
Figs 2a, 4 and 5).

Methods applied in the present study give a good char-
acterization of surface morphology, therefore the results
of these investigations can be used, in our opinion, for
practical purposes.

Conclusions

From the present studies, performed on the surfaces of
GaAs single crystals, it follows that the surface morphol-
ogy depends on the applied method of its preparation.
The application of the complementary methods of re-
search allowed to reveal details concerning differences
in morphology of investigated surfaces.

It appeared that optical and profilometric methods
allow to show the surface roughness >> 10 nm, and X-
ray and AFM techniques - the surface roughness < 10 nm.
In the case of chemomechanically polished smooth sur-
face C the results obtained by means of GIXR and AFM
methods are almost the same.

The comparison of the results obtained by different
methods are given in Table 2.

Real relief of semiconductor surface is being a super-
position of macroroughness and a small ripple (micro-
relief); that is why the optical and X-ray reflection are
complementary methods.
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