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Abstract

Various experimental approaches of the wet nanoscale treatment have been proposed to account for features of the InAs,
InSb and GaAs, GaSb semiconductor dissolution process in the (NH,),Cr,0,—HBr—EG etching solution. Etching kinetics
data showed that a crystal dissolution has diffusion-determined nature. The lowering of the solvent concentration from 80
to 0 vol.% in the solution was accompanied by a significant increase in the semiconductor etching speed. Depending on the
solution composition, we have studied two types of crystal surface morphology, polished and passivated by the film, which
was formed after chemical-dynamic (CDP) and/or chemical-mechanic polishing (CMP) in the solution, saturated by solvent
and by oxidant, accordingly. It was found that in the polished etchants both CDP and CMP procedures lead to the formation
of the mirror-like and super-smooth surface with nanoscale roughness less than 1 nm. The obtained results of surface state
indicate that the (NH,),Cr,0,—HBr—EG etchants could be used successfully for controllable CDP and CMP treatment of
III-V semiconductors and formation of super-smooth surface.
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the nano-size surface structure and materials science. Sur-
face defects are exceedingly detrimental for the efficiency of
devices. Top layers contain dangling bonds, structure inho-
mogeneities and impurities. These defects cause the genera-
tion of leaky paths for carriers and non-radiative recombi-
nation (Seong and Amano 2020). For the nanoscale control
of surface morphology and composition, it is extremely
required to understand the nature of the semiconductor

Abbreviations

CDP Chemical-dynamic polishing

CMP Chemical-mechanical polishing

EG Ethylene glycol

AFM Atomic force microscopy

EDS/EDX Energy dispersive X-ray spectroscopy

Introduction

III-V semiconductors are widely used in the manufacturing
of gas detection systems, photodetectors, optogenetics, bio-
medical applications, high electron mobility and heterojunc-
tion bipolar transistors, resonant tunneling diodes, spintronic
devices solar cells, optical windows (Kimukin et al. 2003;
Bennett et al. 2005).

The investigation of the etching nature and features of the
treated crystal plays a crucial role for the development of
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dissolution.

Among a host of possible semiconductor polishing tech-
niques, for instance dry, plasma and wet etchings, the last
one is the most popular procedure to obtain the polished sub-
strate surface. Crystal dissolution in liquid etchants helps to
avoid the crystallographic damages during cleaning process,
in comparison with dry methods. Also, having an isotropic
nature the wet processing promotes similar dissolution rate
in all directions (Xie 2005).

However, understanding the limitation of the procedures
type on the dissolution process and surface characteristic is
not clear due to technical constraints, such as different type
of etching equipment and process condition, method of the
activation energy measurement, possibility to estimate the
amount of all reagents before and after dissolution, avail-
ability of the effective post-treatment procedure, etc.

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0002-6381-9537
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-021-01784-w&domain=pdf

1140

Applied Nanoscience (2022) 12:1139-1145

The selective etching process of GaAs substrates
was performed in the dynamic regime at 200 rpm, using
C¢HgO,—H,0, (4:1) solution. The etch rate was 0.4 um/min
at room temperature (KuZmicz et al. 2017). After compari-
son of the influence of C;H;O,—H,0, and NH,OH-H,0,
solutions on the wafer, it was reported that the GaAs and
GaSb dissolution rate in the basic etchant is faster than in the
acidic solution. Dissolution speed varies with process time
owing to the degradation of solution composition (Renteria
et al. 2015).

CHgO; (citric acid) and C,H¢Og (tartaric acid) were used
as the solvent of GaSb oxidation products (Kowalewski et al.
2016). Citric acid increases the dissolution rate and reduces
the surface roughness. It needs to note that the temperature
increase provides the evolution of reaction products (gas
bubbles) on the surface during the dissolution process. Pro-
cedure of etchant stirring helps to uniform remove of the
etching products.

H;PO,/H,0,/H,0/C4H4O; etching solutions with
10-40 ml H,0, produce mirror-like surface of InAs and
GaSb semiconductors (Hong-Yue et al. 2015). When the
oxidant (H,0,) reaches a threshold concentration value, it
cannot result in growing of the crystal dissolution rate due to
the passivation of wafer. Reaching the etchant composition
by the H;PO, and citric acid promotes the increase in dis-
solution rate. GaSb wafers contribute concentrated etching
solution (more saturated by C4HgO,), in comparison with
InAs substrates. The last one achieves the similar etching
rate at the minimum volume of citric acid. Such tendency
can be explained by bigger bonding energy of GaSb in com-
parison with InAs (Tripathy and Pattanaik 2016).

To obtain the active surface of gallium arsenide, three
process stages were proposed: non-selective etching,
(H,0,-H,0-NH,OH), selective etching (H,0,—~NH,OH)
and the substrate selective etching (H,0,—NaOH) (Qiu et al.
2016). The chemical treatment by aqueous solution of 0.04%
HF-0.45% C;Hs0;—0.09% H,0, produced the remove of
150 nm of InSb surface after 20 s of the reaction time (Mas-
uda et al. 2018).

InAs wafers were used to expound oxidation and etching
behaviors of the crystal surface with acidic- and basic-H,0,
etchants (Na et al. 2017). It was noted that the high oxidiz-
ing nature of H,0, in the solutions determines the dissolu-
tion speed. Etching compositions promote the formation of
oxides and hydroxides on the treated surface witch could be
clarified by various oxidation states depending on the solu-
tion. After research of the solution composition impact on
the surface state, it was concluded that acidic etchants are
more perspective for InAs wafer treatment.

Acidic etching mixture, based on HCI-H,O composi-
tion, was used for the native oxide remove from the GaSb
wafer (Hospodkova et al. 2017). The etching impact of HCI-
based composition on the GaSb substrates was described in
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You et al. (2017). According to different nature of oxidant,
the GaSb dissolution rate changes in the range from 40 to
4%x10° nm/min, and the surface is smooth or mirror with
roughness 1.7-3 nm.

Behaviors of the GaSb and InSb wafers cleaning in acidic
and basic etchant composition based on H,O, were studied
in Seo et al. (2017). The key role in the oxidation process of
crystal has H,0,. It was reported that the oxidation reaction
on the gallium antimonide surface in H*-solution retards
with the dilution. In the HO™-solution, the oxidation reaction
accelerates with the dilution. The wafer treatment by acidic
solution promotes hydrophilic features of surface. The over-
all reaction rate determines by the competition of wafer oxi-
dation and oxide etching. The group III elements behaviors
play the main role in the determination of surface features.

Antimonides contribute the strong oxidizing agent (H,0O,,
HNO;) to dissolve the partially soluble compounds of Sb.
Based on these oxidants, compositions led to the degradation
of the results reproducibility and the possibility to control
etching process (Vanysek 2020). The bromine-emerging
mixtures contain the less-aggressive oxidant and are char-
acterized by slow dissolution rate of III-V semiconductors
(Levchenko et al. 2017a, b). This behavior helps to decline
the possibility of bubble generation, in comparison with
H,0,-based solution, which can produce the formation of
etching pit. In addition, (NH,),Cr,O,—~HBr—solvent composi-
tion provides the slow and controllable dissolution of semi-
conductor and the bromides, as reaction products, promote
the transition of dissolution process into diffusion region.
We assume that (NH,),Cr,0-based etchants are more per-
spective for CDP and CMP treatment of InAs, InSb, GaAs
and GaSb semiconductors.

Experimental and methods

In this paper, we compare various types of wet-chemical
processing and their affect on the surface characteristic. Dis-
solution model was studied using aqueous etchants based
on (NH,),Cr,0; and HBr. Wet-chemical cleaning includes
etching (semiconductor dissolution after crystal interaction
with etchant components) and polishing/smoothing.

Treatment process was conducted in order to investigate
the polishing method influence on features of crystal dissolu-
tion and the surface state quality.

The comparison of the InAs, InSb, GaAs, and GaSb
crystals surface, untreated and etched by CDP and CMP
process in the (NH,),Cr,0,~HBr-EG-etching solution
has been described for the first time in this work. We have
established the effect of the hydrodynamic condition and
mechanical impact on the dissolution process and the sur-
face state. Bromine-emerging etching solutions based on
(NH,),Cr,0, were developed in our department, in the V.
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Lashkaryov Institute of Semiconductor Physics of NAS of
Ukraine (Kyiv) (Levchenko et al. 2017a, b).

III-V semiconductor wafers of 25 mm~ in size were
pre-cleaned before etching. Then, samples were polished
utilizing CDP or CMP process with follow rinsing in
Na,S,0; — H,0 — NaOH — H,0 to remove contaminants.
CDP was carried out in reproducible hydrodynamic con-
ditions. Technique bases on the method of disc rotating
(Perevoshchikov 1995). It promotes the laminar movement
of etchant over the substrate surface and the removing of
damaged layers.

CMP procedure was performed by the non-abrasive etch-
ing solution to avoid the rough effect of abrasive particles
on the surface quality. For this operation, we used a special
etching polisher, covered by a cambric tissue.

As initial components of the etchant mixture we have
employed aqueous solutions, which are comprised of: 26
mass.% (NH,),Cr,0, (reagent grade), 42 mass.% HBr
(extrapure grade) and CH,(OH)CH,(OH) (ethylene glycol,
EG, reagent grade).

Using methods of the Scheffe’s Simplex lattice theory and
the mathematic planning on simplex, we optimized a number
of experiments and mixture design (Arimanwa et al. 2019).
In the case of CDP process, the concentration interval of
etchant composition contains 2-22 vol.% of (NH,),Cr,04,
HBr within 2-98 vol.% and 0-80 vol.% of EG was investi-
gated. For CMP process, we applied the initial solution (in
vol.%): 11(NH,),Cr,0,—49HBr—40EG.

The three-component model is represented by the fourth-
degree simplex lattice equation:

2

Yy =kix; 4+ koxy + kaxy + kyx x, + ksx x4+ kgxpxs

+ kyx;x, (xl —xz) + kgx;x; ()c1 —x3) + kgxyx; (x2 —x3)

+ kg (xl —x2)2x1x2 +kyy (xl—x3)2x1x3 + klz(xz—x3)2x2x3

+ kl3xfx2x3 + k14x1x§x3 + k15x1x2x§
where y—etching rate, X;, X,, X;—the concentration of etch-
ant components in the solution (NH,),Cr,0,, HBr and EG,
accordingly), k,...k;s—parameters of the model (Cornell
1986).

The dependence of the etch rate on the modifier concen-
tration was considered for the range 0-95 vol.% CH,(OH)
CH,(OH).

Etch rate was estimated by the electronic indicator TESA
DIGICO 400 with accuracy of 0.02 um. For precision cal-
culation of the crystal dissolution rate, the process time was
extended according to the decrease in etching speed. The
atomic force microscopy (AFM) data of the surface mor-
phology were obtained in periodic contact mode on the air,
using the microscope NanoScope IIla Dimension 3000™
(Digital Instruments, USA).

Raman scattering analysis were carried out at 293 K in
the quasi-backscattering geometry with a Horiba Jobin Yvon
T64000 triple spectrometer. An edge filter was placed in front
of the spectrometer entrance to remove the elastically dispersed
light, and an Ar*-ion laser with line at 488.0 nm was used for
the excitation. An Olympus BX41 microscope equipped with
a 50x objective (Numerical Aperture NA =0.90) was used
to focus the laser light on the sample to a spot size of ~ 1 pm.
The laser power, which was exposed on the sample surface,
was always kept below 3 mW, in order to obtain an acceptable
signal-to-noise ratio and to prevent laser heating. The spectral
resolution was approximately 0.2 cm™'. Correct instrument
calibration was verified by checking the position of the emit-
ting line of Ne lamp at 540.056 nm.

The surface composition analysis was performed by energy
dispersive spectroscopy (EDS/EDX) on a Zeiss EVO 50XVP
with INCAPentaFETx3 energy dispersive X-ray spectrom-
eter system for elemental analysis with an accuracy of ~0.1%.
Images of the wafer surfaces were obtained at accelerating
voltages V="7-26 kV, a probe current /=40 pA, and magnifi-
cations from 5x to 1,000,000x.

Results and discussion

Etching process of semiconductors is followed by redox reac-
tions due to the etchant molecules interaction with crystals.
The etching rate of III-V semiconductors dissolution in the
binary and (NH,),Cr,O,—HBr—-EG compositions demonstrates
the linear dependency on the solvent concentration in all con-
centration range. The investigated concentration interval is
characterized by the 0.1-8.4 pm/min etch rate (Levchenko
et al. 2017a, b). The reactive feature of wafers was evident
at the maximum concentrations of oxidant. Crystals become
more stable in the systems with minimum of Cr,0,>~ ions as
supported by the lowest etching rate.

The mixture design model for the investigated three-com-
ponent system is described as:

y = 2x; + 1,5x, + 0, 1x3 + 19, 8x,x, + 2, 6x,x5 + 2, 4x,x3
+12,5x,x, (xl —x2) +2,4x,x3 (xl —x3) +4,3x,%3 (xz—x3)

2 2 2
+24,3 (x, —xz) X1X,=9, 3(x, —x3) X1 x3—4, 3(x2—x3) X5X3
+ 73, 1x%x2x3 - 103, 2x1x§x3—8, 8x1x2x§
The crystal etching kinetic has diffusion-controlled
nature, because of the insignificant temperature coefficient
and apparent activation energy as low as 35 kJ/mol. Etch-
ing rate was found to be dependent on solution rotation
rate, in contrast to the temperature variation. Dissolution
is determined by speed of the diffusion on crystal/solution

interface.
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Rotation rate-dependent measurement showed that the
hydrodynamics of the nanoscale etching system is impor-
tant for variating the processing features.

In the basic solution, the replacement of polishing
process type from CDP to CMP promotes the increase in
dissolution rate from 1.5-2.1 to 37-57 pm/min. It could
be explained by mechanical influence of CMP operation
(Levchenko et al. 2018).

Nanoscale etching provides the extensive dissolution
rate data for a wide range of ethylene glycol. Crystals are
more stable in EG-rich mixture as supported by the mini-
mum value (0.1 pm/min and 1 pm/min) of the etch rate.

Dissolution rate decreases to with increase in EG con-
centration in both cases of CDP and CMP procedure,
respectively.

Composition with maximum value of (NH,),Cr,0, pro-
vides the different quality of substrate polished surface.
In the case of A™Sb substrate, etchants are characterized
by the weak polishing features. After CDP, the surface of
antimonides was passivated by white film. This effect is
followed by the decrease in the reaction speed.

Figure 1 presents the difference between polished sur-
face and the surface covered with thin film.

Film passivation of InSb in the non-polishing mixture
prevents from the fresh etchant reaching onto the surface.
Thus, the semiconductor dissolution is not uniform over
the whole crystal area and the surface roughness does not
change significantly.

The polishing compositions resulted in the mirror-like
substrate surface in the both case of CDP and CMP proce-
dures. According to the AFM data, the substrate dissolu-
tion in the binary etchant system triggers the less intensive
decline of the roughness, independently from cleaning pro-
cedure (Table 1).

The presence of single generations indicates about the
etching of crystal defect, which could be formed during the
growing or cutting operation (Fig. 2).

Summarizing obtained results, we are forced to conclude
that CPM treatment produces the more homogeneous surface
(with less roughness), in comparison with CDP. However,

Fig. 1 Micrographs of the
surface of InSb crystal after
CDP treatment a polishing
solution (NH,),Cr,0,-HBr-EG
and b non-polishing etchant
(NH,),Cr,0,-HBr

Signal A = SE1
Photo No. = 5103

Table 1 Influence of etchant composition and processing type on the
roughness parameter (R,) of InSb and InAs semiconductors

Material ~ Treatment Etchant composition Rough-
ness, R,
(nm)
InAs CMP (NH,),Cr,0,—HBr—-EG 0.2
InSb CMP (NH,),Cr,0,—HBr—-EG 0.3
InAs CMP+CDP  (NH,),Cr,0,—HBr 32
InSb CMP+CDP  (NH,),Cr,0,—HBr 1.1
InAs CMP+CDP  (NH,),Cr,0,—HBr—-EG 0.3
InSb CMP+CDP  (NH,),Cr,0,—HBr—-EG 0.3

it needs to note that CDP cleaning can produce the similar
result of surface state after the larger thickness removal.

EDX measurements show that the treatment of wafers in
polishing compositions produces surface chemistries with
the stoichiometric ratio of [In]/[Sb] as shown in Table 2.

Obtained results confirm that semiconductor/polishing
solution interaction produces uniform etching of both ele-
ments. InSb surface, obtained after dissolution process in the
unpolishing composition, is reached by In and contains the
slight amount of C, N and O elements.

Raman scattering measurements of the InAs, InSb and
GaAs, GaSb surfaces were carried out after cutting CMP
and CDP process (Fig. 3).

After CDP and CMP polishing, changes in line position
have similar tendency. The decrease in the related intensity
of TO (InAs) peaks of the polished substrate, which is in
accordance with the local structural defects, confirms that
both cleaning treatments produce the remove of damaged
layers to more structured surface quality.

The GaAs crystal has the best quality of untreated crys-
tal state. Chemical preparation of the gallium arsenide
wafer produces the increase in the intensity and the drop of
half-width of the allowed in the experiment geometry TO
(GaAs) peak. Furthermore, the wet etching has the maxi-
mum result in the surface modification, in comparison with
other semiconductors.

d 0
Signal A = SE1
Photo No. = 5106

EHT = 20,00 kV.
WD =100 mm

Date :10 Oct 2017
Time :10:69:48

a
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Fig.2 AFM images of InAs crystal surface taken after CDP (a) and CMP (b) treatment in the (NH,),Cr,O,—~HBr-EG etchant
Table2 Elemental composition Etchant composition Surface condition Concentrations of elements (wt.%)
of the surface of InSb crystals
after CDP process by the X-ray In Sb C N O
microscopy
(NH,),Cr,0,-HBr-EG Mirror-like surface 48.6 51.4 0.0 0.0 0.0
(NH,),Cr,O0,—HBr White translucent film 46.7 48.0 24 1.2 1.7
Fig.3 Raman spectra of InAs, Material Wave number, (cm™") Mode assignment
InSb, GaAs and GaSb surface
before (green line) and after T " Sb Clusiers T
CMP (red line) and CDP (black InSb 236.2 LO
line) with (NH,),Cr,0,—HBr— s | = InAs
CH,(OH)CH,(OH) solution W 217 TO
T0 GaSb 290.6 LO
’E‘ | LO GaAs
3 Sb Clusters 267.1 TO
2 :
o
>
@ TO LO InAs 187 LO
L
= 178 TO
InSb
150 Ajg
7O GaAs
110 2TA
LO
234.5 LO
I : I : I
100 200 300 Gasb 2254 TO
Raman shift (cm™)
150 Aig
Chemical dissolution of InSb wafers led to the disap-  least limitation on the surface quality state of the indium
pearance of the registered A, phonon, which corresponds  antimonide, in relation to other substrates.
to the elemental Sb and Sb—Sb bond vibration, and 2TA GaSb wafers are more sensitive to the wet etch-

mode of second-order Raman processes (Zhou et al. 2011;  ing than InSb crystals. This tendency may be related to
Carles et al. 1984). Wet etching by CDP and CMP has the  properties of the crystal lattice. The dissolution process
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Fig.4 Etching rate dependency on the (NH,),Cr,0,—HBr—EG reten-
tion time

of the semiconductor in (NH,),Cr,0,—HBr—EG etch-
ant promotes the significant increase in the intensity of
TO (GaSb) and disappearance of Sb—Sb bond vibration.
Treated wafers have more amorphous surface state that
could corresponds to the better adsorption of Sb.

Raman measurements show the reduction in the inten-
sity of forbidden modes (in the back-scattering geome-
try) and increase in the allowed phonons intensity after
nanoscale CDP and CMP treatments. The obtained results
suggest the improvement of the surface state.

We have expounded that the solution ageing has no sig-
nificant effect on the features of the semiconductor CDP.
The increase in the retention time of etchant leads to the
slight reduction in etching rate.

The intensity of dissolution speed decline rises in the
following way: 3.3-1.5 pm/min (GaAs) —4.2-2.1 pm/
min (InAs) — 5.9-3.2 pm/min (InSb) —4.7-1.65 pm/min
(GaSb) (Fig. 4). We suppose that such tendency may be
caused by losing the free Br, that forms in the etching
solution. However, it does not determine the quality of
polished crystals. Bromine-emerging compositions, based
on (NH,),Cr,0,, are applicable for long-term utilizing and
getting of polished surface.

Conclusions

To summarize, we have investigated and compared the
influence of nanoscale CDP and CMP procedure on fea-
tures of the III-V semiconductor dissolution in the
(NH,),Cr,0,—HBr—CH,(OH)CH,(OH) etching solutions.
Bromine-emerging etchant, based on (NH,),Cr,0-, is
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characterized by the low dissolution rate of InAs, GaAs,
InSb and GaSb substrates (0.1-57 pm/min). The impact of
solvent concentration on the etching rate has linear depend-
ence. The mechanical effect of CMP procedure provides
the increase in dissolution rate, in comparison with CDP
treatment. The interaction between substrates and etchant
components is followed by formation of polished (in the
polishing etchant composition) and passivated (in the case
of CDP in solution with maximum of the oxidant concentra-
tion) surfaces with roughness less than 1 nm. The passiva-
tion effect of solutions was found to be dependent on the
reagent concentrations. According to Raman measurements,
the both treatment produces decrease in the damaged struc-
ture of the surface to layers with the more ordered state.
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