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Abstract

GaAs(001) substrates nitrided with N, plasma at various temperatures were investigated after being exposed
to air for 40 days. They were studied by means of parallel angle-resolved X-ray photoelectron spectroscopy,
scanning electron microscopy, micro-photoluminescence and time-resolved photoluminescence (TRPL). Several
nitrided GaAs Schottky diodes were manufactured to find the optimal nitridation conditions for high diode
quality. An improvement on the ideality factor was achieved for a diode with 1.3 nm-thick GaN layer grown at
room temperature and crystallized at 620 °C. The crystallization process was needed to enhance the air-exposed
GaAs photoluminescence efficiency by a factor 15. TRPL measurements showed a spectacular increase in the
decay time (x4), even for a sample exposed to air for 2 years. A high level of GaAs surface chemical protection
was achieved. Indeed, neither the element arsenic As® nor Ga and As oxides states were detected at the
GaN/GaAs interface for nitridation at high temperature (500 °C), yielding a 3.1 nm-thick GaN layer. However,
for nitridation temperatures above 300 °C, pits with an inversed pyramidal shape and square base were formed at
the surface, their size increased as nitridation temperature was raised. These pits acted as non-recombination
centers which reduced the GaAs photoluminescence yield.

Keywords

Plasma nitridation, Surface passivation, GaN, GaAs Schottky diode, X-ray photoelectron spectroscopy, time-
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1. Introduction

GaAs is a material with direct bandgap and a high electron mobility. It is extensively used for electronic and
optoelectronic devices, as well as high-frequency radar systems [1-3]. As a substrate, it is a good candidate for
monolithic microwave integrated circuits (MMICs) [4,5]. However, GaAs performance suffers from fast surface
oxidation. Indeed, both arsenic and gallium are chemically unstable reacting with oxygen when exposed to air,
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forming several oxides [6]. Surface oxides or dangling bonds induce many surface states that pin the Fermi level
in the middle of the gap and trap the carriers which limit and degrade device performances [7].

To overcome these issues, several groups have developed various passivation techniques [8]. For metal-
oxide-semiconductor applications, interfacial passivation layers such as lanthanide oxynitride layers (LaON,
NdON, CeON and GdON) [9] were used between the GaAs substrate and the dielectric gate. SixN, layer was
widely employed to passivate the sidewalls of LEDs [10], HBTs and photodiode devices [11-13]. Inorganic
sulfide treatments (based on (NH,4),S and Na,S) developed by Yablonovitch et al. [14] have been used for
several decades to passivate GaAs surface through the formation of Ga-S bonds [15]. Other solutions involving
P,Ss/(NH,),S [16], P,Ss/NH,OH [17], HCI, HCl:Isopropanol [18] have also been explored. Unfortunately, the
treatment of GaAs surface with these solutions has a passivation effect of only a few hours under air exposure
before reoxidation [19]. Therefore and also because it is complicated to integrate these wet passivations into an
industrial processes, alternative passivations were investigated. They involve growth of a thin interfacial layer
with high chemical and thermal stabilities and wide bandgap such as TiN [20], AIN [21,22] and GaN [23].
Surface nitridation of GaAs allowing the growth of a GaN thin layer has been meaningfully studied [24-26].
However, very little previous work has beed reported in the literature studying nitride layer passivation
efficiency towards air exposure [27,28].

In this work, we investigate GaAs (001) nitridation by N, plasma under various conditions. The aim is to
improve the chemical, optical and electrical passivation efficiency after ambient air exposure. To this end,
several specific and accurate characterization techniques as parallel angle-resolved X-ray Photoelectron
Spectroscopy (pAR-XPS), micro-photoluminescence (UPL) and time-resolved photoluminescence (TRPL),
scanning electron microscopy (SEM) and electrical measurements were carried out to analyse the surface
morphology, oxidation, and photoluminescence efficiency including the carrier recombination dynamics and the
electrical behavior of the nitrided GaAs substrates.

2. Experimental

GaAs (001) substrates with a n-doping level of 4.9x10™ cm™ were used. All samples were firstly cleaned
following the procedure developed by Tereshchenko et al. [18] yielding a (4x1) Ga rich surface reconstruction
after annealing at 530 °C in the ultra high vacuum (UHV) chamber. The nitridation process was then carried out
using a N, plasma commercial electron resonance cyclotron source (SPECS MPS-ECR), operating in atom beam
mode at a pressure of 10 Pa with a sample current density around 10 nA/cm?, installed in a UHV chamber and
described elsewhere [29]. The flux of nitrogen atoms reaches the sample surface through the pressure difference
between the plasma source and the UHV chamber. Nitridation was carried out at various temperatures (from
room temperature (RT) to 500 °C). It was either followed by annealing at 620 °C or not. The annealing aimed to
crystallize the GaN layer formed on the surface. Results for six samples are summarized in Table 1. More details
on the growth kinetics of a GaN thin layer on GaAs(001) by N, plasma nitridation and its crystallization are
given in Refs. [29,30]. The EO sample is a non-nitrided GaAs substrate. All samples were exposed to air for 40
days after their preparation and before investigation. In view of estimating ageing degradation, the E2’ sample is
the E2 sample exposed to air for 2 years.

Table 1 : Nitridation conditions of GaAs (001) samples using ECR source at 10 Pa annealing at 620 °C. The
nitride layer thicknesses are derived from the pAR-XPS measurements.

Samples Nitridation l\_litridatilon Annealing Thickness of
temperature (°C) time (min) at 620 °C GaN (nm)
EO and EOb Untreated - - -
El RT 180 - 13
E2 and E2’ RT 180 X '
E3 400 60 - 15
E4 400 60 X '
E5 500 60 - 31
E6 500 60 X '




Parallel Angle-Resolved X-ray photoelectron spectroscopy (pARXPS) measurements were carried out using
a ThermoFisher Scientific Theta 300 tool with a monochromatised Al-Ka source (beam spot size of 400 um), a
pass energy of 100 eV and an electron gun for surface charge compensation. The pARXPS spectra were
recorded simultaneously at seven different take-off angles (with respect to the sample normal) between 23.75° to
61.25° with no sample tilt. This method determines a concentration surface profile of the nitride layer grown on
GaAs.

Micro-photoluminescence (UPL) measurements were performed at low temperature (5 K; using a liquid
helium circulation closed cycle cryostat) with a continuous 514 nm wave line of argon ion laser as excitation
source with a power density of 14 W/cm? and a spot size around 30 um-diameter. The emitting signal was
focused on the slit of a 100 cm focal monochromator using a grating with 1200 g/mm and coupled to CCD
camera. Ten measurements were carried out at different sample positions (spaced by 400 pm on a 4 mm line) to
obtain a good accuracy.

Time-resolved photoluminescence (TRPL) was performed at 5 K using the same cryostat. The excitation
source was a Ti:Sa pulsed laser emitting at 770 nm with a pulse duration of 150 fs and a repetition rate of 76
MHz. The photoluminescence signal was collected in a 32 cm focal monochromator using a grating with 300
g/mm coupled with a streak camera. For all TRPL measurements, the given power is the average power per
surface unit.

Scanning electron microscopy was carried out using a ZEISS Ultra-55VP.

Four Schottky diodes were made using EO and three nitrided samples (E1, E2 and E5). Ohmic contacts were
deposited on the back side of the GaAs substrate by sequential evaporations of
Au(1000nm)/Ge(35nm)/Au(10nm) through a hard mask of molybdenum at 10™ Pa. An annealing process at a
temperature between 200 and 350 °C in H, environment was applied to allow the diffusion of Ge species
creating a thin n* layer necessary for good quality contact. Then, Au dots with a diameter of 600 um and
thickness of 100 nm were grown on the front side of the samples (Schottky contact) exposed 40 days in ambient
air. These dots were manufactured under UHV at room temperature using a calibrated Knudsen cell Au flow
through a hard mask of molybdenum having 4 holes. A sample EOb is used as a reference to study the effect of
oxidation due to air exposure on the electrical performances of GaAs Schottky diodes. The sample EOb
undergoes the same cleaning and heating processes than EO but Au dots were deposited in situ (without air
exposure). Current-voltage measurements were performed in dark at room temperature using Keithley 2636
source meter from -2 V to 2 V on the four Au dots. For each sample, similar electrical characteristics were
obtained on, at least, three dots.

3. Results and discussion
3.1 Chemical passivation
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Figure 1 : (a) Ga3d and (b) As3d spectra from pAR-XPS analysis for untreated sample EO (not nitrided) and E1,
E3 and E5 nitrided GaAs(001) samples at different temperature after 40 days of air exposure for a take-off angle
of 23.75°

Figure 1(a) and 1(b) show the Ga3d and As3d peaks measured by pAR-XPS at a take-off angle of 23.75°, for
untreated GaAs (EO sample) and samples nitrided at RT (E1), 400 °C (E3) and 500 °C (E5) after 40 days of air
exposure. The decompositions of As3d and Ga3d peaks are based on chemical shifts already described in
previous results obtained before air exposure [29]. All the spectra are calibrated in energy with respect to the
chosen reference As-Ga component in As3d peak located at 41.0 eV. Four other components are identified in the
As3d peak: free arsenic atoms As® at 42.4 eV, AsO, at 43.1 eV (this small contribution is ascribed to incomplete
As oxidation), As,03 at 44.1 eV and As,Os at 45.5 eV [31-33]. Only the two last arsenic oxidation states are
identified for EO corresponding to the native oxide. The free arsenic As’ component is detected only for samples
nitrided at a temperature < 500 °C, as shown in the As3d spectra for E1 and E3 samples.

Three components are detected in the Ga3d peak (Fig. 1(a)): the main component at 19.0 eV corresponds to
Ga-As bonds related to GaAs substrate, the second component at 20 eV is ascribed to Ga-N bonds (detected only
for nitrided samples), and the third one around 20.3-20.6 eV relates to gallium oxides (hamed Ga oxide in Fig.
1(a)). This third component stems from gallium oxide (Ga,0O3) [6,34] corresponding to the native oxide for EO,
and Ga-O bonds in the nitride layer due to a few oxygen atoms incorporated during the nitriding process as
already observed previously [29] and the air exposure. Note that the same contributions are observed in the Ga3d
and As3d peaks for nitridation carried out at temperatures up to 400 °C.
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Figure 2 : Chemical profile reconstruction obtained by pAR-XPS for (a) untreated GaAs (EO sample) and
nitrided GaAs(001) (b) at RT without and (c) with annealing at 620 °C, (d) at 400 °C and (e) at 500 °C without
and (f) with annealing at 620 °C.

Figure 2 shows the chemical profile reconstruction obtained from pAR-XPS data using Avantage software
developed by ThermoFisher Scientific where the entropy maximization method coupled with least-squares
fitting is used [35]. In this figure, the relative atomic percentage (at.%) of GaAs, GaN, Ga oxides, As oxides
(including AsO,, As,03, As,0s) and free arsenic atoms As’ are plotted as a function of depth.

Fig 2a shows the reference case of the untreated GaAs surface (EO sample). As previously observed [36] this
figure reveals the presence of a 1.2 nm-thick native oxide. The gallium and arsenic oxide quantities are
inhomogeneously distributed in the oxide layer. Gallium oxide represents 75 at.% at the top surface, decreasing
to 50 at.% at 0.6 nm-depth. Beyond this depth, the amount of gallium and arsenic oxides are similar up to the
oxide/GaAs interface.

As shown from Figs. 2(b) and 2(d), nitriding the GaAs at a temperature lower than 500 °C induces
accumulation of free As® at the GaN/GaAs interface. In the case of nitridation at RT, an As® quantity of 30 at.%
is obtained whereas when heating is applied, As® concentration is lower at around 6 at.% for 400 °C. This
phenomenon is caused by the outward diffusion of As® in the GaN layer created, due to heating and its
desorption at a temperature above 320 °C [37]. This behavior is consistent with the composition profiles
obtained in Ref. [29] for nitrided samples that have not been exposed to air. However, a part of the remaining



free As® created during nitridation is oxidized during air exposure, which leads to the presence of As oxides at
the surface. Note that no arsenic oxide was detected before air exposure. This oxide amount which is around 50
at.% at the surface for nitridation at RT, is reduced when the nitridation temperature is increased, to only 10 at.%
for nitridation at 500 °C (Fig. 2(e)). Nevertheless, the As oxides remain localized in the first nm of the nitride
layer. Although the gallium oxides are distributed more evenly in the nitride layer due to their unintentional
incorporation during the nitridation process, their quantity, estimated between 25 and 50 at.% at the surface,
decreases with the depth to almost 0 at.% at the GaN/GaAs interface. Note that their average quantity in the
nitride layer estimated at 10 at.% before air exposure with the modelling developed in Ref. [29] increased to
around 35 at.% after air exposure. The GaN concentration follows the opposite trend as it increases to reach up
to 90 at.% at the GaN/GaAs interface for the nitridation at 500 °C. Hence, we conclude that only part of the
outermost nitride layer is oxidized upon air exposure.

The effect of annealing the nitride layer at 620 °C is shown in Figs. 2(c) and 2(f). The main change observed
for the sample nitrided at RT (E2) is the desorption of the free As® atoms during the heating. The As and Ga
oxides remain present in the nitride layer. Conversely, annealing the sample nitrided at 500 °C considerably
rarifies the Ga oxides, which are localized in the first nanometer of the nitride layer. Thus no oxide is present at
the GaN/GaAs interface revealing the best chemical passivation treatment with these experimental conditions.

3.2 Electrical characterization
Electrical measurements I-V at room temperature in dark for EO, E1, E2 and E5 samples are shown in Fig. 3.
Using the forward bias part of these spectra, the ideality factor (n), the saturation current (lp), the barrier height

(é10) and the series resistance (R;) are extracted using the method explained in Refs. [38,39]. They are listed in
Table 2.
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Figure 3 : I-V characteristic of Schottky diodes manufactured with EO, EOb, E1, E2 and E5 samples

Table 2 Extracted electrical parameters from 1-V characteristics from Fig. 3.

Samples n Is (A) Ppo(eV) Rs (Q)
EO 1.80 | 1.4x10° 0.72 33
EOb 123 | 1.5x10™° 0.80 90
E1l 1.38 | 4.4x10° 0.69 692
E2 124 | 2.2x10° 0.65 149
E5 1.30 | 3.1x10™° 0.76 451

Considering the non-nitrided sample, EO exhibits a high ideality factor of 1.80 due to the 1.1 nm-thick native
oxide layer containing Ga,0s, As,O3 and As,Os as detected by pAR-XPS. Thus, the electrical characteristic of
this diode follows more a metal-insulator-semiconductor (MIS) configuration than an ideal Schottky diode
behavior.

Considering nitrided samples, the ideality factors of E1, E2 and E5 are 1.38, 1.24 and 1.30, respectively.
These samples also follow non-ideal Schottky behavior caused by the nitrided GaAs surface oxidation occurring
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during the 40 days of air exposure before the gold deposition. However, sample E2 has the same ideality factor
(1.24) than the reference sample EOb on which the Schottky metal deposit is fabricated under UHV (1.23). This
demonstrates the efficiency of this nitridation process.

Moreover, E5 has the highest zero-bias barrier height at 0.76 eV close to the value of the sample EOb
(0.80eV) which is consistent with the value obtained by Leroy et al.[40] on 260nm-Au/n-GaAs diodes showing
an average barrier height of 0.819 eV and close to 0.83, 0.89, 0.86 and 0.816 eV values reported in the literature
[41-44]. The barrier height of E1 and E2 samples were found to be lower at 0.69 and 0.65 eV, respectively. This
can be explained by the presence of As atoms in the GaN/GaAs structure (up to 35% at GaN/GaAs interface) as
can be seen in the depth profile compositions of Fig 2 (b). Indeed, this presence leads (i) to a shift of the fermi
level toward conduction band minimum (CBM) and (ii) to increase the filling of Asg, antisites relative to the
number of Gaas antisites, which both induce a decrease of ¢,, [45]. Conversely, the sample E5 nitrided at high
temperature (500 °C) for which the As atoms are totally desorbed (Fig 2(e)), shows a higher barrier height of
0.76 eV. The high series resistance for E1, E2 and E5 is the consequence of the undoped GaN thin layer growth
containing several oxides states as shown in §3.1. Thus, E5 sample shows the best electrical performance which
is consistent with its highest chemical passivation (reduced amount of arsenic and gallium oxides at the
GaN/GaAs interface). Note that the measured electrical characteristic on this sample exhibits enhanced values
[46], including a very low saturation current of 3.1x10™° A.

3.3 Optical characterization
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Figure 4 : uPL spectra of untreated (E0) and nitrided GaAs(001) substrates (E1-E6) at 5K with an excitation
power density of 14 W/cm?.

MPL spectra for samples EO-E6 are shown in Fig. 4. Same transitions are detected for all these samples; two
dominant peaks are observed at 1.490 and 1.495 eV corresponding to both the transitions between neutral donor
and neutral acceptor (D°-A°) and that for band conduction and neutral acceptor (e-A°) respectively [47-50]. A
low emission observed around 1.450 eV is linked to the two longitudinal optical phonon replicas (order 1) of
(D°-A®% and (e-A°) transitions [50]. The emission centred at 1.513 eV mainly corresponds to neutral donors to
valence band (D°-h), ionized donors to exciton transitions can also be detected close to this energy [49].

All nitrided samples show higher UPL intensity compared to the untreated one (EO sample) except those
nitrided at 500 °C (E5 and E6 samples) as shown in Fig. 4. Photoluminescence intensity of the main peak (D°-
A% for E1 and E4 samples are increased by a factor of 5 compared to the untreated EQ sample. This factor is
decreased to 3 for E3 sample and increased to 15 for E2 sample [17,27,51]. Clearly, increasing the nitridation
temperature from RT to 500 °C has an impact; reducing improvement in the GaAs photoluminescence, while the
optimal surface chemical passivation is obtained at high nitridation temperature (500 °C) with annealing at 620
°C as shown in 8§3.1.

To understand this behavior, SEM images of E1, E2, E4 and E5 surfaces were performed (Fig. 5). Samples
nitrided at a temperature higher than 400 °C (E3, E4, E5 and E6 samples) show pits at their surfaces having an
inversed pyramidal shape with a square base as shown in Figs. 5(c) and 5(d). The increase of the nitridation
temperature has an impact on the size of the pits. Indeed, pits observed on E5 and E6 surfaces nitrided at 500 °C
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have a size between 150 and 300 nm larger than those formed on E3 and E4 samples nitrided at 400 °C having a
size between 40 and 80 nm. Note that the annealing process does not change either the size or the number of
these pits (not shown here). During the nitridation process, the exchange between As and N atoms induces the
decomposition of Ga-As bonds as explained in previous work [29]. Moreover, a microscopy investigation
carriedout on a similar sample [30] shows threading dislocations (TDs) generated at GaN/GaAs interface. These
TDs relieve the tensile strain due to the high lattice mis-match between GaAs and GaN (~20%). The GaAs
{101} facets have lower surface formation energy meaning that they are more stable than GaAs {111} facets.
Hence, we believe that increasing the nitridation temperature accelerates the decomposition of GaAs {111}
facets, explaining that at low temperature (below 350 °C), these pits are not observed and giving larger pits when
temperature increases. Similar pits have been observed by Tricker et al. [52], highlighting their formation by
diffusion and desorption of As atoms under As, form. Thus it can be deduced that these pits may behave as non-
radiative recombination centers which, therefore, limit the photoluminescence.

Crystallization of the nitride layer by annealing at 620 °C induces an increase of PL intensity by a factor of
3.5 and 1.5 for nitridation at RT and 400 °C, respectively. The influence of crystallization vanishes when the
nitridation is performed at 500 °C as the non-radiative effect of created pits becomes preponderant. Thus,
increasing the nitridation temperature induces the formation of pits which reduces the benefits of surface
passivation. The optimum process, from an optical point of view, is therefore a nitridation at room temperature
followed by crystallization of the GaN layer by annealing at 620 °C.

100 nm

100 nm 100 nm

Figure 5 : SEM image of (a)E1, (b)E2, (c)E4 and (d)E5 nitrided sample surface.

To further study the optical advantages of nitriding GaAs, we carried out TRPL measurements. In Fig. 4, the
measured YPL signal under continuous wave excitation exhibits a maximum at 1.49 eV while the emission at
1.513 eV is weaker. Under pulse excitation where the power density is much higher, the response of the sample
appears different. As observed in Fig. 6 the emission at 1.513 eV dominates until 400 ps, then it gradually



disappears while the contribution at 1.49 eV persists even after 1800 ps. Thus, this emission was chosen to
monitor the GaAs nitridation effect on the TRPL.

The photoluminescence decay times measured on samples EO, E2, E2” and E4 at 185 W/cm? and at 1.513 eV
are shown in Fig. 7. The following equation is used to estimate the decay time of the PL intensity (Ip.):

IpL = Yo + A exp(-t/ty) + Az exp(-t/r;)  (EqQ.1)

Where A; and t; are respectively the weight and the decay time of each contribution and y, is a constant to
take into account the long decay time induced by the 1.49 eV transition.
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Figure 6 : (a) Time-resolved photoluminescence picture recorded on sample E2 at 185 W/cm?2. (b) PL spectra of
emission intensity versus energy taken from (a) at 0, 150, 400 and 1800 ps.
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Figure 7 : Comparison of decay times measured on samples E0, E2, E2* and E4 at 185 W/cm? and at 1.513 eV.
Fits are done using the bi-exponential equation (Eq.1) (dashed lines).



The parameters extracted from the fit using equation (Eg.1) and shown in Fig. 7 are reported in Table 3. All
spectra are dominated by the shorter decay time. Indeed, the ratios of A; over A, are equal to 10.3, 5.7, 4.9 and
1.5 for samples E2’, E2, EO and E4, respectively.

Table 3 : y,, A and 7; extracted from the fit of sample EO, E2, E2” and E4 at 185 W/cm?.

EO E2 E’ E4
Yo (%) 0 2.4 13 0

71 (ps) 45 180 145 60
A (%) 83 83 90 60
7, (pS) 130 600 600 350
A, (%) 17 146 8.7 40

The decay times recorded for sample E2 at 1.513 eV for power densities in the range of 37 to 370 W/cm? are
reported in Fig. 8(a). The power dependent decay time (t;) for samples EO, E2, E2’ and E4 are compared in Fig.
8(b). For all samples, an increase of the decay time with optical pumping is clearly observed. However, the
increase is moderate for samples EO and E4 and strong for both samples E2. When the optical pumping intensity
is increased the non-radiative channel is saturated which induces a rise of the measured decay time. If we
compare the decay time of the nitrided samples with the reference sample at 185 W/cmz, we obtain a factor of
1.33, 3.2 and 4 for E4, E2’ and E2, respectively. As observed on the PL intensity in Fig. 4, sample E2 exhibits
the most improvement.

Our results are in good agreement with the work of Zou et al. [28], who also observe an improvement in both
PL intensity and decay time. However, here we demonstrate that our nitridation process offers a long lifetime
enhancement of the optical properties, remaining stable for 2 years of air exposure which is better than results
reported for other nitridation passivations [27,53].
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Figure 8 : (a) Decay time measurements from 37 to 370 W/cm? for sample E2 at 1.513 eV (Fits are done using
the bi-exponential equation (Eq.1) (dashed lines)). (b) Evolution of t; for samples EO, E2, E2” and E4 from 18.5
to 370 W/cm2 at 1.513 eV.
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Conclusion

It was proven, in this work, that the nitridation temperature, GaN thickness and its crystallization play a
crucial role in GaAs (001) surface passivation. Indeed, the chemical protection of the GaAs surface against
oxidation depends on nitridation conditions. This is also the case of enhanced PL emission and extended carrier
life time of the GaAs or better electrical characteristics.

Effective chemical passivation of GaAs surface was established by nitridation at high temperature (500 °C),
yielding a 3 nm-thick GaN layer. Furthermore, Ga and As oxides were undetected at the GaN/GaAs interface.
Yet, many pits were formed at the nitrided GaAs surface for such a high temperature. These pits trap the charge
carriers showing a very weak photoluminescence. Therefore, the optimal process for high GaAs
photoluminescence and carrier lifetime consists in a nitridation at low temperature followed by an 620°C
annealing. This passivation process offered a enhancement by a factor 15 of the PL intensity and a very high
stability over lengthy air exposure times, even after 2 years. We demonstrated a major improvement of the GaAs
based Schottky diode parameters after the same nitridation process compared to those with an untreated GaAs
surface. However, the optimal electrical characteristics (Table 2) were obtained for the nitridation process
carried out at 500 °C, exhibiting a similar ideality factor than for a GaAs schottky diode fabricated in situ under
UHV.

Thus, nitridation parameters must be tuned depending on the targeted GaAs-based device. We can state that
the nitridation processes described in our study could be installed in industrial process lines, opening a new
versatile way of improving the performances of GaAs devices. In addition, we have already demonstrated the
benefits of nitridation process with N, plasma to homogeneously passivate nano-objects such as nanowires over
their whole surface [54,55].
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