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Abstract
In this paper, we present an enhanced differential Hall effect measurement method (DHE) for ultrathin Si and SiGe layers for the

investigation of dopant activation in the surface region with sub-nanometre resolution. In the case of SiGe, which constitutes the

most challenging process, we show the reliability of the SC1 chemical solution (NH4OH/H2O2/H2O) with its slow etch rate, stoi-

chiometry conservation and low roughness generation. The reliability of a complete DHE procedure, with an etching step as small

as 0.5 nm, is demonstrated on a dedicated 20 nm thick SiGe test structure fabricated by CVD and uniformly doped in situ during

growth. The developed method is finally applied to the investigation of dopant activation achieved by advanced annealing methods

(including millisecond and nanosecond laser annealing) in two material systems: 6 nm thick SiGeOI and 11 nm thick SOI. In both

cases, DHE is shown to be a uniquely sensitive characterisation technique for a detailed investigation of dopant activation in ultra-

shallow layers, providing sub-nanometre resolution for both dopant concentration and carrier mobility depth profiles.
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Introduction
The research efforts made throughout the last decades have

made it possible to keep the momentum for a continuous minia-

turization of electronics devices. For instance, the “bulk” planar

transistor limitations have been overcome thanks to the transi-

tion towards more complex device architectures. These include

enhanced planar architectures such as fully depleted silicon on

insulator (FDSOI) [1] or 3D architectures ranging from TriGate

FinFETs [2] to gate-all-around NWFETs [3] and monolithic 3D

CoolCube technology [4]. Despite their differences, some tech-

nological issues have emerged as a significant challenge for all
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of them, such as the need to reduce the contact resistance at the

silicide/source–drain interface [5].

The increase of the active dopant concentration at the surface of

the source/drain material (usually Si or SiGe) is a key factor for

obtaining a resistance reduction [6], and several process solu-

tions have been proposed to this purpose, involving advanced

implanting or annealing techniques [7]. Within this context, the

optimization of existing characterisation techniques for the

measurement of dopant activation at the semiconductor

surface (or the development of new ones) is therefore decisive

for both the improvement of the fabrication processes and the

calibration of the related technology CAD (TCAD) physical

models.

For device architectures based on planar SOI substrates (such as

FDSOI or 3D CoolCube), measurements of active dopant con-

centrations from “blanket wafer” experiments are still relevant

for process and TCAD optimisation, which are in principle

achievable thanks to several known 1D measurement tech-

niques previously developed for dopant profiling. However, in

the case of contact resistance optimisation, only the dopant con-

centration close to the surface is relevant, i.e., within the first

few nanometres, while the SOI/SiGeOI substrates used in cur-

rent technologies are extremely thin (top layer < 10 nm),

making measurement techniques with sub-nanometre resolu-

tion necessary. 1D techniques based on small-angle bevel prep-

aration (such as spreading resistance profiling (SRP) [8] or

scanning capacitance microscopy (SCM) [9,10]) become

extremely difficult to implement and control in view of such a

small resolution. Thanks to the use of an AFM tip, 2D scanning

spreading resistance microscopy (SSRM) has been shown to

achieve sub-nanometre resolution [11,12]. However, in this

technique, the carrier concentration is inferred from a resis-

tivity profile under the assumption that carrier concentration

varies ideally with mobility, which is not always the case, espe-

cially when a part of the dopant is not electrically active [13].

For this reason, reliable mobility and concentration profiling

based on scanning probe techniques require a combination of

resistivity measurements by SSRM with carrier concentration

measurements by SCM [14]. Finally, capacitance-based tech-

niques such as SCM or electrochemical capacitance voltage

(ECV) [15], provide reliable values of carrier concentrations

only in the absence of additional electrically active defects,

which can affect the CV signal [16].

In contrast, differential Hall effect (DHE) profiling [17,18] can

potentially meet all the requirements related to the precise mea-

surement of dopant activation at the semiconductor surface.

DHE relies on the iteration of etching process and conventional

Hall effect measurements. The active carrier profile is therefore

measured without any assumption about the magnitude of the

carrier mobility. In addition, measurements are made by strip-

ping the material in successive steps rather than bevelling the

surface. The depth resolution of the final dopant concentration

profile is therefore defined by the etch rate and indeed nano-

metric resolution has been successfully demonstrated for Si and

Ge, applying oxidation processes such as anodisation [19] or

oxidising chemistry [20-23]. Nevertheless, etching SiGe alloys

with nanometric resolution is far more challenging considering

that Si and Ge have different oxidation rates [24]. For this

reason, reliable DHE measurements of doped SiGe layers have

not been reported in literature. Finally, in all published DHE in-

vestigations, the removal rate is assumed to stay constant. How-

ever, even small variations in the removed thickness among

nominally identical etch steps can strongly distort the final

carrier concentration and mobility profiles.

In this paper, we present an enhanced differential Hall effect

measurement method that allows to precisely determine the

level of dopant activation close to the semiconductor surface for

Si and SiGe. First, we detail the etching processes that we have

developed for each semiconductor, with particular focus to the

SiGe case, which constitutes the most challenging process. For

both materials, our method includes a direct measurement of the

removed thickness after each removal step, so to avoid aver-

aging the etch rate and improve the accuracy of final calculated

values. Then, we demonstrate the reliability of a complete DHE

procedure on a dedicated SiGe test structure fabricated by CVD

and uniformly doped in situ during growth. Finally, we will

apply our DHE method to the investigation of dopant activation

achieved by advanced annealing methods in two material

systems: 6 nm SiGeOI and 11 nm SOI.

Development of Etching Processes for
Si1−xGex and Si
Etching process for Si1−xGex
Different methods have been proposed in literature for the con-

trolled etch of SiGe layers [25-27]. We first analysed the main

characteristics of each solution in terms of the specific require-

ments related to their application for DHE measurements. In

particular, (i) the solution must etch Si and SiGe simultaneous-

ly so that the SiGe stoichiometry is not modified; (ii) the solu-

tion must be strongly selective with respect to Si so to preserve

the surrounding Si areas in Van der Pauw test structures;

(iii) the solution must be chemically active for a relatively

long period (about 1 day) so to be used for several “etch and

measurement” cycles; (iv) the etch rate must be slow

(ca. 1 Å·min−1) to allow for sub-nanometre resolution. Taking

into account the above mentioned criteria, we therefore selected

the one-step chemistry based on SC1 (NH4OH/H2O2/H2O



Beilstein J. Nanotechnol. 2018, 9, 1926–1939.

1928

1:1:5), which oxidizes and removes both materials at the same

time.

We then investigated the efficiency of the SC1 solution by

running several tests as a function of different experimental pa-

rameters including time, temperature and Ge content. For this,

spectroscopic ellipsometry (with a HORIBA Jobin Yvon

system) was used as a fast, reliable and non-destructive method

for the measurement of the removed thickness. We developed

an empirical model for the quantification of the SiGe thickness

measurement (based on a SiGe/Si two layers stack and a point-

by-point calculation procedure), which was calibrated using

other techniques (such as TEM and XRD). As an example,

Figure 1 summarizes the removed thickness measured by XRD

(in (004) configuration), high-resolution TEM and ellipsometry

as a function of the etching time of a 20 nm thick Si0.73Ge0.27

boron-doped layer (1018 cm−3) grown on top of a Si substrate.

Figure 1: Removed SiGe thickness measured by different methods
(TEM, XRD and ellipsometry) as a function of the etching time. Ge
content: 27 atom %. Inset: TEM cross-section micrographs of refer-
ence and the sample etched for 30 min. This figure illustrates the
agreement between the three chosen techniques.

TEM images show a clear decrease of the layer thickness, while

all the techniques are in mutual agreement, therefore validating

ellipsometry as a unique thickness characterization method for

the remainder of this work. From this study we estimated a

value of 0.95 Å·min−1 for the etch rate of the SC1 solution on

Si0.73Ge0.27, without any alteration of the initial layer stoichi-

ometry, as confirmed by XRD analysis (Figure S1, Supporting

Information File 1). Moreover, the found etch rate is in very

good agreement with previous results obtained by our research

group [26]. Concerning the surface roughness, tapping mode

AFM analysis provided arithmetic averages Ra of about 1.2 Å

(Figure S2, Supporting Information File 1).

However, in view of its application for DHE experiments, it is

necessary to use an encapsulation cell to protect metallic

contacts of the electric test structures during etch (Figure S3,

Supporting Information File 1). Due to the funnel-shaped cell

designed for this study, the reaction zone is confined, which

results in a reduction of the etch rate. By optimising the experi-

mental set up (use of a magnetic stirrer combined with an

appropriate cell orientation in the solution bath), we managed to

limit the etch rate reduction and similar values to experiments

with “blanket” samples were found. Finally, we investigated the

impact of the Ge content on the measured etch rate. The results

are shown in Figure 2, where we compare the removed thick-

ness as a function of the etching time for two 20 nm boron-

doped (1019 cm−3) Si1−xGex samples with different germanium

content : x = 0.22 and x = 0.30. For etching times less than

15 min, the etch rate is perfectly linear and independent of the

Ge content, with a removed thickness of ca. 1 nm after 15 min.

It is therefore possible to use this solution to achieve sub-

nanometre resolution. In summary, all these investigations

confirm the choice of SC1 as chemical solution for SiGe

etching because of its slow etch rate, stoichiometry conserva-

tion and low roughness generation.

Figure 2: Removed SiGe thickness (measured by ellipsometry) as a
function of etching time for two different Ge contents. After the first
15 min, the etch rate increases with Ge content.

Etching process for Si
The silicon etching process differs from the etching of SiGe

insofar as it involves a two-step mechanism: first, oxidation and

then oxide stripping. In this case, the etch rate is not defined as

a function of the etching time, but is given by the removed

thickness per step, i.e., the removed thickness between two

stripping processes. A resolution of about 1 nm has been ob-

tained in the study of Ling et al. [22] combining dilute HF,

ultrapure water rinsing and re-oxidation in a clean-room envi-

ronment. However, with the aim of minimising the surface

roughness, we used ethanol instead of ultrapure water as rinsing
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solvent [28]. We performed multiple cycles of etching pro-

cesses on in situ boron-doped Si layers (grown on top of Si sub-

strates) with continuous monitoring of the removed thickness

(by ellipsometry measurements) and the surface roughness (by

AFM characterization). Our results show a cycle-by-cycle etch

rate below 1 nm and a final roughness of 1 Å.

DHE procedure validation on SiGe layers
fabricated by CVD
In this section, we detail a complete DHE procedure using a

20 nm thick boron-doped (1019 cm−3) Si0.77Ge0.23 layer grown

by CVD on top of a Si substrate. We first describe the Van der

Pauw structure and the conventional Hall effect setup. Then we

will present the differential Hall effect measurements and calcu-

lations and we will discuss the limitations of the technique.

Van der Pauw structure and Hall effect
measurements on ultrathin layers
The Hall effect measurement is a well-known technique that

allows one to access three important physical parameters for

material characterization: the sheet resistance Rs, the active Hall

dose NH and the Hall mobility µH. At first, a Van der Pauw

technique is used to determine the sheet resistance, then a mag-

netic field is applied orthogonally to the sample surface to

measure the sheet Hall coefficient RSH, which is finally used to

deduce NH and µH.

Several classical Van der Pauw shapes were tested to perform

electrical measurements (square, Greek cross and bridge “bar-

shaped” structures). A test structure in the form of a Greek cross

has been chosen as it has more advantages than other shapes

(Figure S4, Supporting Information File 1). First, it provides an

error of less than 1% on both sheet resistance and Hall coeffi-

cient measurements [29-32]. Moreover, it has a highly symmet-

rical shape with peripheral contacts separated from the centre

region, in which the current lines converge allowing

precise characterization. For this last reason, we were able to

design an encapsulation cell (Figure S3, Supporting Informa-

tion File 1) defining a reaction region in the centre part of the

Greek-cross structure while protecting the metallic contacts

with the lowest impact on structure symmetry and measure-

ment reproducibility.

Electrical measurements were carried out with a HL5500PC

Nanometrics Hall bench equipped with a 0.3 T magnet. For

each investigated sample, the sheet resistance and the Hall coef-

ficient were measured for several values of the injected current

(from 1 μA to 1 mA), and the average values were determined

within the current interval exhibiting the most stable measure-

ments (Figure S5, Supporting Information File 1), so to keep the

experimental errors close to 0.1%.

Scattering correction must be accounted for when extracting

Hall effect parameters. The measured values of Hall carrier con-

centration and Hall mobility are therefore corrected by using the

Hall scattering factor, rH, [33-35] which depends on the studied

material, i.e., on Ge content, doping type and concentration. For

this study, we used a set of dedicated test samples consisting of

20 nm thick epitaxially grown Si and SiGe layers, in situ doped

with boron (from 1 × 1018 cm−3 to 1 × 1020 cm−3). By

comparing experimental Hall values with average calculated

values based on the dopant concentration profiles measured by

SIMS, we determined a scattering factor of 0.75 for holes in Si

and values ranging from 0.4 to 0.35 for holes in SiGe with a Ge

content of 22 atom % and 30 atom %, respectively, in perfect

agreement with literature (Figure S6, Supporting Information

File 1) [33-35].

Some other possible limitations should be considered in view of

the implementation of a DHE methodology on ultrashallow

layers. One is quantum confinement, which has been shown to

induce band modifications in ultrathin SOI layers with

thicknesses close to ca. 3 nm [36]. However, the SOI and

SiGeOI layers to be investigated in this work will have a

minimum thickness of about 6 nm, so that the quantum-

confinement effect can be neglected. An additional low-

dimension effect is the dielectric confinement, which has

been investigated in silicon nanowires surrounded by a

dielectric material (such as its native oxide) [37,38]. For

nanowire diameters of about 10 nm, a dopant deactivation

is observed due to the dielectrical mismatch between the silicon

and its surroundings. However, our previous investigations on 5

nm thick SiGeOI layers doped by ion implantation and acti-

vated by conventional rapid thermal annealing (RTA) [39,40]

indicated a perfect correlation between measured activation and

simulated activation, suggesting that dielectric confinement

affects more significantly 3D than 2D structures at low dimen-

sions.

Finally, when quantifying the active dopant and mobility depth

profiles with DHE, the surface-depletion effect should be

considered [41,42]. This results from carriers becoming trapped

in surface states and can lead to a depletion of carriers below

the surface. As a consequence, the DHE profile might require a

correction (depth-scale translation) corresponding to the deple-

tion width. And in the case of non-uniform doping profiles, the

depletion width (and the related correction) will vary with

depth. For example, in the particular case discussed in this

section, the investigated 20 nm thick SiGe layer is uniformly

doped at 1019 cm−3. For typical silicon-dioxide charge densi-

ties of 1012 cm−2·eV−1, simple calculations provide a depletion

width of about 2 nm. Consequently, in this case, a depth-scale

translation is necessary. However, for the higher carrier concen-
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Figure 3: (a) Sheet resistance RS, (b) Hall dose NH, and (c) Hall mobility µH as functions of the etching time for a 20 nm thick SiGe layer (xGe = 0.23)
grown by CVD and in situ doped with boron.

trations typically investigated in source/drain doping studies,

such as those discussed in the next section (1020 cm−3 and

above), and considering the same typical silicon-dioxide charge

densities, the surface depletion is well below 1 nm (about

0.4 nm at 1020 cm−3 and less than 0.2 nm at 5 × 1020 cm−3;

Figure S7, Supporting Information File 1) and its impact on the

quantification of the DHE depth profiles can therefore be

neglected.

Differential Hall effect data measurements
and limitations
We performed a full set of DHE measurements on a 20 nm

thick Si0.77Ge0.23 layer grown by CVD on top of Si a substrate

and uniformly doped with boron at 1019 cm−3 (Figure S8, Sup-

porting Information File 1). The layer was verified to be fully

electrically active. A first run of six etch cycles (15 min each)

was initially performed. The sample was then kept for three

days in a clean room environment. Then, a second run of three

etch cycles was carried out. Both runs were initiated without

removing the initial native silicon dioxide. Electrical parame-

ters RS, NH and µH are reported in Figure 3 as a function of the

etching time. Error bars are not reported as variations for each

measured parameter are close to 0.1% (Figure S5, Supporting

Information File 1).

Two different effects are observed. On one hand, the mobility

stays constant with no discontinuity throughout the two mea-

surement runs. On the other hand, the sheet resistance RS con-

stantly increases (while the Hall dose NH decreases) and exhib-

its a discontinuity between the two runs. Indeed, as the doping

concentration is uniform throughout the doped layer, the associ-

ated carrier mobility is expected to remain invariant in the en-

tire layer. In contrast, as the layer becomes thinner and thinner,

the active Hall dose decreases and, for a fixed carrier concentra-

tion (and hence mobility), the increase of the sheet resistance is

predicted by Equation 1:

(1)

with Xj being the layer thickness, q the electronic charge, C(x)

the dopant concentration as a function of depth and µ(x) the cor-

responding mobility profile. The quasi-linear evolution of both

RS and NH is therefore due to the combination of a uniform con-

centration profile and constant etching time intervals. Concern-

ing the observed discontinuities, it must be considered that a

regrowth of native oxide occurs between the last measurement

of the first run and the first measurement of the second one.

This regrowth reduces the SiGe thickness by about 1 nm (as

measured by ellipsometry), which results in a sheet resistance

increase and a decrease of the active Hall dose, without influ-

encing the mobility.

Starting from these raw data, it was finally possible to calculate

the differential values of the active concentration and mobility

as a function of the depth. For the i-th etched layer, the calcu-

lated values are defined by the following equations [16]:

(2)

(3)
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Figure 4: Depth profiles of (a) active dopant concentration and (b) carrier mobility extracted from the DHE measurements of Si0.77Ge0.23 uniformly
boron-doped at 1019 cm−3. In panel (a), the active dopant concentration profile is compared to the chemical boron concentration profile measured with
SIMS. Green areas are depletion regions.

with

where the conductivity σS is given by inversing the measured

values of the sheet resistance RS, and RSH is the sheet Hall coef-

ficient used to extract the Hall dose and carrier mobility for

each measurement. The term Δxi corresponds to the removed

thickness after each etching process, which is determined by

ellipsometry.

From Equation 2 and Equation 3, DHE profiles of active dopant

concentration and mobility are finally deduced and reported in

Figure 4a and Figure 4b, respectively (red diamonds). The

active dopant concentration profile is compared in Figure 4a

with the chemical dopant profile measured by SIMS (blue dots).

The comparison is made assuming a constant depletion width of

2 nm for each DHE measurement (in agreement with the

uniform doping level of the investigated sample). Blue solid

lines represent the possible error (±12.5%) of the SIMS concen-

tration values quantified from standards. It has to be noted that

the SIMS signal in the first nanometres below the surface is

affected by measurement artefacts and cannot be considered as

fully reliable. Also, at the beginning of each of the two mea-

surement runs, the presence of a native oxide at the sample sur-

face may result in a different electrostatic configuration of the

surface compared to all other cases where the electrical mea-

surements are performed just after the SC1 etching step. This is

probably the reason for the upward shift of the calculated con-

centrations at the surface (first point in Figure 4a) and at a depth

of 5.5 nm. Overall, Figure 4a shows a very good correspon-

dence between the SIMS and the DHE profiles, in perfect

agreement with the full electrical activation of the doped layer.

More importantly, we show that the SC1 chemistry allowed us

to achieve a depth resolution of ca. 0.5 nm.

The horizontal error bars of the DHE values are solely related to

the uncertainty of the thickness measurements done by ellip-

sometry (with the surface-depletion effect having been

accounted for by a rigid shift of the depth scale). Indeed, by per-

forming ellipsometry measurements after each removal step,

any possible source of errors related to etch rate variation

during the experiment can be neglected. The vertical error bars

uncertainties of DHE mobility and dopant concentration (SµDHE

and SnDHE, respectively) calculated assuming RSH, σS (and the

product RSH·σS
2) to be independent variables [17]:

(4)

(5)

with

(6)

(7)
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(8)

(9)

where SRSH (Equation 8) and SσS (Equation 9) represent the

relative standard deviations of RSH and σS calculated in the

range of stability (Figure S5, Supporting Information File 1). It

is interesting to note that for a chosen etching time interval,

i.e., for a chosen depth resolution, α1 (Equation 6) and α2

(Equation 7) are constant. As a consequence, SµDHE and SnDHE

can only be reduced by minimising SRSH and SσS, in other

words, by obtaining highly reproducible measurements of RSH

and σS. One must therefore consider the importance of having

reproducible measurements when performing DHE data recon-

struction. Indeed, for a depth resolution of ca. 0.5 nm (as the

one shown in Figure 4), targeted uncertainties of ca. 15% for

µDHE and nDHE requires that RSH and σS must be measured

with a relative standard deviation lower than 0.1%.

Within the experimental errors discussed above, the DHE

mobility profile reported in Figure 4b gives a constant value of

the mobility in the first 5 nm, in perfect agreement with

the uniform nature of the concentration profile. The average

value obtained through the calculated DHE points (with an

etching step as small as 0.5 nm) is 91.02 ± 13.08 cm2·V−1·s−1,

again in agreement with the more precise value of

88.60 ± 0.27 cm2·V−1·s−1 that can be extracted from the raw

mobility data (cf. Figure 3c, rH = 0.4) obtained from much

thicker layers (between 15 and 20 nm thick). Also, these

mobility values are perfectly compatible with those predicted by

analytical models for a doping concentration varying between

1 × 1019 cm−3 (86 cm2·V−1·s−1) and 2 × 1019 cm−3

(74 cm2·V−1·s−1) with xGe = 0.23 at T = 300 K according to the

following expression [43]:

(10)

with

Considering the possible lack of precision in the Ge content of

the layer as well as the sub-nanometric depth resolution

achieved in these measurements, we can therefore conclude that

the DHE method we have developed for the investigation of

SiGe is consistent.

Results and Discussion
Study of a 6 nm boron-doped SiGeOI layer
Within the recent development of the 3D-sequential integration

technology at CEA-LETI, laser annealing is being investigated

as a low thermal budget solution for achieving dopant activa-

tion in the top transistor level without degrading the perfor-

mance of the transistors located at the bottom [39]. The effi-

ciency of this technique has already been proven for electrical

activation of phosphorus in 22 nm thick SOI structures [44]. In

this section, we extend the investigation to SiGeOI layers of

6 nm. Due to the extreme thin size of the layer and the buried

oxide, classical 4PP characterization is not possible because of

probe penetration down to the substrate. Thanks to Van der

Pauw test structure, probe penetration has been circumvented,

while conventional and differential Hall effect measurements

described in the previous sections have been used to investigate

dopant activation in laser-annealed ultrathin SiGeOI layers.

Experimental details
The starting SiGeOI wafer has a SiGe top layer of 6 nm and a

20 nm thick buried oxide (BOX). The first step is the deposi-

tion of a 3nm Si3N4 directly followed by Ge+ implantation to

preamorphise a part of the SiGe crystal and B+ implantation for

p-type doping. In the following step, a second layer of 3 nm

Si3N4 is deposited prior to laser thermal annealing (LTA). LTA

was performed by SCREEN-LASSE using a XeCl excimer laser

(λ = 308 nm) with a pulse duration of approximately 160 ns.

Finally, several 18 × 18 mm2 areas where irradiated with energy

densities ranging from 0.65 to 0.79 J·cm−2 (Figure S9, Support-

ing Information File 1).

Structural and conventional Hall effect analysis
Prior to Hall effect analysis, we consider the structure of the

layer before LTA. TEM cross-section observations (Figure S10,

Supporting Information File 1) indicate that the top crystalline

SiGe layer has a thickness between 5 and 6 nm, i.e., very close

to the original thickness of 6 nm. Indeed, high-resolution

images show that the layer thickness can rapidly vary by up to

four lattice planes (i.e., ca. 1 nm) within a few nanometres. This

suggests that the Ge preamorphisation implant in this wafer

resulted in a damaged SiGe surface (locally amorphising it) but

was not enough to produce a continuous amorphous layer.

Then, we compare electrical parameters measured by conven-

tional Hall effect with the evolution of the crystal structure
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Figure 5: Sheet resistance as a function of the laser energy density for
6 nm SiGeOI (xGe = 0.25) layer implanted with boron.

imaged by TEM as functions of the laser energy densities. The

TEM analysis (Figure S11, Supporting Information File 1)

shows that for energies of 0.74 and 0.76 J/cm2, the observed

structure is identical to that found in the as-implanted sample

with the SiGe layer being almost fully crystalline (and having a

surface roughness of about 1 nm). This suggests that the laser

energy density used in these cases is always lower than the

threshold value necessary to melt the surface. In contrast,

following a LTA at 0.79 J·cm−2 the SiGe top layer is complete-

ly amorphous, clearly indicating that in this case the whole

SiGe layer was molten, leaving no seed for a perfect recrystal-

lization. The threshold energy for surface melt is therefore lo-

cated between 0.76 and 0.79 J·cm−2 and a rapid transition be-

tween a “no melt” and a “full melt” configuration occurs in this

small energy interval.

Figure 5 reports the corresponding sheet-resistance measure-

ments as a function of the energy densities, which illustrates

two different behaviours. Below 0.74 J·cm−2, the sheet resis-

tance remains below 10 kΩ·sq−1, with a slight improvement

occurring when the energy density is increased (ca. 6000 Ω·sq−1

after LTA at 0.74 J·cm−2). This indicates that, although the laser

annealing did not melt the sample surface, a non-negligible

dopant activation occurs at these energies, as it will be dis-

cussed below. In contrast, a much higher sheet resistance value

(ca. 55 kΩ·sq−1) is measured in the sample annealed at

0.77 J·cm−2. Considering that the transition between “no melt”

and “full melt” of the 6 nm thick SiGe layer occurs between

0.76 and 0.79 J·cm−2, the high sheet resistance value measured

at 0.77 J·cm−2 suggests that a “full melt” of the SiGe layer has

already occurred at this energy and that most of the dopant acti-

vation is therefore lost. This behaviour is similar to that ob-

served by Acosta Alba et al. [44] in 22 nm thick phosphorus-

doped SOI, where the sudden increase in the sheet resistance

values observed for high laser energies was due to the forma-

tion of a poly-Si layer as a consequence of the full melt of the

entire top-Si layer during LTA.

For LTA energies below the melting threshold of 0.74 J·cm−2,

some dopant activation occurs. However, the Hall effect mea-

surements indicate that only a small fraction of the implanted

boron dose is electrically active (between 6 and 12%). Two

mechanisms contribute to this result: (i) the weak dopant pene-

tration through the Si3N4 capping layer during the implantation,

and (ii) the low activation rate due to the “non-melt” nature of

the LTA in this energy range.

In order to investigate the first point, we calculated by using

SRIM the depth distribution of the implanted boron ions ac-

cording to the process conditions used in this experiment. The

simulation results indicate that only about 45% of the implanted

boron dose is available for electrical activation during LTA, the

rest being lost in the Si3N4 capping layer or in the underlying

BOX. Still, the boron dose contained in the SiGe layer after the

implantation (ca. 1.8 × 1014 cm−2) is much higher than the

electrically active dose actually measured by Hall effect

(2.3 × 1013 cm−2 after LTA at 0.68 or 0.71 J·cm−2). In addition

to this “dose loss” mechanism during implantation, low dopant

activation must also occur during LTA.

Indeed, previous investigations [16,45] of dopant activation in-

dicated that under similar conditions, i.e., non-amorphising

implants and low thermal budget annealing (either conven-

tional RTA or non-melt LTA), the total active dose (measured

from SRP profiles) is much lower than the total implanted dose

(as measured by SIMS profiles). However, the few electrically

active dopant atoms present after annealing were not found to

be uniformly distributed in depth but rather mostly located close

to the surface, where the damage recovery, i.e., interstitial

recombination is favoured (Figure S12, Supporting Information

File 1). Moreover, even for the smallest thermal budgets (short

RTA time or minimum number of laser shots), dopant activa-

tion at the surface was maximum or close to the solubility limit

at the annealing temperature. Finally, it was found that dopant

activation increases with annealing time although no dopant

diffusion is detected by SIMS.

It is therefore important to verify if this behaviour also occurs in

the case of ultrathin laser-annealed SiGeOI samples. Indeed,

within the application of laser annealing in strategies to reduce

contact resistance, such a result may constitute a big step

forward. One of the LTA samples investigated in this work has

therefore been analysed by the differential Hall effect technique,

and results are presented in the next section.
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Figure 6: Hall effect measurements (raw data: (a) RS, (b) NH and (c) µH) of the SiGeOI sample (xGe = 0.25) implanted with boron and annealed at an
energy of 0.68 J·cm−2 as a function of the etched thickness (as measured by ellipsometry).

Figure 7: Depth profiles of (a) active dopant concentration and (b) carrier mobility extracted from DHE measurements of a SiGeOI sample
(xGe = 0.25) implanted with boron and annealed at an energy of 0.68 J·cm−2.

Differential Hall effect analysis
The SiGeOI sample implanted with boron and annealed with an

energy density of 0.68 J·cm−2 was used for these investigations.

Four successive SC1 etching processes have been performed for

a total etching time of 30, 50, 70 and 90 min, reducing, respec-

tively, the total thickness by 0.1, 0.3, 0.8 and 1.3 nm (con-

firmed by ellipsometry measurements and TEM images). Con-

cerning surface roughness, TEM images dos not show signifi-

cant surface roughness, indicating that the surface quality is not

degraded by the etch process. This was confirmed by AFM

analysis on 500 × 500 nm2 areas taken from the Van der Pauw

sample used for the Hall effect measurements after the longest

etch process (90 min; Figure S13, Supporting Information

File 1). Compared to the non-etched region (average roughness

of 0.18 nm), the surface roughness is slightly higher in the

etched regions (between 0.26 and 0.34 nm) but always much

smaller than the total etched thickness (1.3 nm in this sample).

Considering that these measurements were performed after the

longest etch process and that the surface roughness increases

with etching time, we can conclude that the surface roughness

induced by the etch process is always negligible and is not ex-

pected to have any impact on the reliability of the Hall effect

measurements.

The results of the Hall effect measurements (raw data RS, NH

and µH) performed before etch and after each removal step are

reported in Figure 6 as functions of the removed thickness. It

appears that the sheet resistance RS increases very rapidly after

each step, with the RS values increasing by a factor of four be-

tween the second and the third etch step. In fact, only the points

corresponding to the three first etch steps are reported in the

figure. Following the fourth and longest etch process (1.3 nm

removed thickness) the sample was so resistive that quantita-

tive values could not be measured. Correspondingly, the Hall

dose NH is found to rapidly decrease as the etching progresses,

qualitatively indicating that most of the active dose is located

close to the surface.

Following the differential Hall data treatment method discussed

in the previous sections, the depth distributions of the active

dopant concentration and of the carrier mobility have finally

been extracted and are reported in Figure 7. The data quantita-
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Figure 8: Concentration depth profiles of (a) arsenic and (b) oxygen measured by SIMS in 11 nm thick SOI wafers implanted with arsenic and
annealed by RTA (red curves) or DSA (blue curves).

tively confirm the results suggested by the Hall effect raw data:

The active dopant concentration is highest at the surface with a

value as high as ca. 6 × 1020 cm−3 and it rapidly decreases

within the first nanometres below the surface (2 × 1020 cm−3 at

0.8 nm). Corrections of the depth scale related due to the sur-

face-depletion effect have been neglected due to high doping

level measured in this sample (cf. previous section) unless we

give a numerical value.

This result is in agreement with the scenario discussed in the

previous section. Indeed, due to the “non-melt” nature of the

annealing, and considering that no amorphisation of the surface

was achieved during the implantation, the extremely low ther-

mal budget provided by the LTA process is not efficient in

removing the implant damage in the material, except in the sur-

face region where interstitial recombination (and hence damage

recovery) occurs. As a consequence, below the surface, not only

the active dopant concentration is much lower than at

the surface, but also the residual damage is extremely high,

which is expected to have an impact on the carrier mobility.

This is clearly confirmed by the Hall mobility (Figure 7b) the

value of which at a depth of 0.8 nm below the surface

(ca. 20 cm2·V−1·s−1) is much lower than the carrier mobility at

the surface (ca. 35 cm2·V−1·s−1), in spite of a much lower

carrier concentration. Alternative mechanisms as the reasons for

this mobility reduction below the surface can be excluded, in-

cluding surface roughness (Figure S13, Supporting Information

File 1), and surface depletion due to interface states (cf.

previous sections).

In any case, although the investigated doping process is at a pre-

liminary stage, the detailed investigation carried out in this

work allows us to conclude that a doping process based on

nanosecond-laser annealing can be successfully applied to

ultrathin SiGeOI layers of about 6 nm thickness, while obtain-

ing active dopant concentrations at the surface well above

1 × 1020 cm−3. This is a promising result in view of improving

contact resistivity in source/drain regions of advanced devices.

Study of 11 nm arsenic-doped SOI layer
In the perspective of improving the contact resistance within

FDSOI technology [6], different annealing methods are investi-

gated for the increase of dopant activation close to the surface.

In this section we will focus on the comparison between

conventional spike-RTA and millisecond-laser dynamic surface

annealing (DSA), both applied to 11 nm thick n-type doped SOI

layers. In addition to SIMS, TEM and conventional Hall effect

measurements, differential Hall profiling will be shown to allow

a reliable estimation of the dopant activation level within the

first nanometres below the silicon surface.

Experimental details
Two 11 nm thick SOI wafers were used for this experiment

(BOX thickness: 25 nm, as confirmed by ellipsometry). The

wafers were implanted with 3 keV As+ ions to a dose of

1 × 1014 cm−2. The implantations were performed through a

thin thermal oxide layer (ca. 1 nm thick) grown on the

as-received wafers. Following the implantations, each wafer

underwent a different annealing process: 1050 °C spike-RTA in

O2/N2 atmosphere in one case, 0.3 ms laser-DSA in N2 atmo-

sphere in the other case.

Chemical profiles and conventional Hall effect
measurements
SIMS characterisations were carried out after annealing in both

samples without stripping the thermal oxide. The results are

shown in Figure 8 for both arsenic (Figure 8a) and oxygen

(Figure 8b). The As concentration profile of the RTA-annealed

wafer exhibits a peak value of ca. 3 × 1020 cm−3 just below the

surface, followed by a quasi-plateau (6–7 × 1019 cm−3) in the
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Figure 9: Hall effect measurements (raw data: (a) RS, (b) NH and (c) µH) of the SOI samples implanted with arsenic and annealed with DSA (red
symbols) and RTA at 1050 °C (blue symbols), as a function of the etched thickness (as measured by ellipsometry).

rest of the Si top layer. In contrast, the As profile of the DSA

wafer is closer to a Gaussian shape, with a peak concentration

of about 2 × 1020 cm−3 at a depth of ca. 3 nm. In both cases, the

sharp decrease of the As concentration below 11 nm corre-

sponds to the transition from the Si top layer to the buried

oxide. Similarly, the As signal in the first nanometres below the

surface originates from the dopant atoms contained in the ther-

mal oxide formed prior to the implantation. It is therefore criti-

cally important to localise the actual position of the oxide/top Si

interface in view of the reliable interpretation of the Hall effect

data in terms of dopant activation efficiency, i.e., estimation of

the active dopant fraction. To this purpose, we used the oxygen

SIMS concentration profiles (Figure 8b) to estimate the posi-

tion of the oxide/top Si and of the top Si/BOX interfaces in

correspondence of the maximum slope of the oxygen signal.

The position of the SiO2/Si interfaces determined in this way

(1.2 nm and 1.6 nm below the surface for the DSA- and RTA-

annealed wafers, respectively) are in perfect agreement with

those found by STEM-EDX measurements carried out using an

aberration-corrected TEM instrument (see Figure S14, Support-

ing Information File 1, for the RTA-annealed wafer) and are re-

ported as dashed lines in Figure 8.

Conventional Hall effect measurements were performed on both

annealed wafers and are reported in Table 1 (a scattering factor

rH = 1 was chosen in this case [20]). The results indicate that

both annealing treatments yield high dopant activation, with

millisecond-DSA resulting in slightly better parameters, i.e., a

higher active dopant density and an overall lower sheet resis-

tance compared to spike-RTA. Indeed, using the analysis

method described in [13] and taking into account the exact loca-

tion of the SiO2Si interfaces (as described above), we found that

about 92% of the arsenic ions retained in the top Si layer are

electrically active in the DSA-annealed wafer, with a maximum

active concentration of ca. 1.4 × 1020 cm−3, compared to about

75% and ca. 6 × 1019 cm−3, respectively, in the RTA-annealed

wafer. However, these average values do not give access to the

actual dopant concentration levels in the surface region. DHE

profiling was therefore used to scan the surface doping concen-

tration in both investigated wafers.

Table 1: Hall effect data measured on 11 nm thick SOI wafers
implanted with As+ (3 keV, 1 × 1014 cm−3) and annealed with spike-
RTA or millisecond-laser-DSA.

annealing
treatment

sheet
resistance, RS
(Ω·sq−1)

active Hall
dose, NH
(cm−2)

Hall mobility, µH
(cm2·V−1·s−1)

RTA 2157 4.5 × 1013 65
DSA 1643 7.8 × 1013 49

Differential Hall effect
For these measurements, after each removal step (based on

HF/ethanol cycle) the Van der Pauw test structures were left in

a clean-room environment from one to three days, so to provide

reproducible native oxide regrowth. In order to collect a

maximum number of data, we performed thickness and Hall

effect measurements before and after oxide stripping. However,

considering the possible difference in the electrostatic configu-

ration of the surface, i.e., the number of interface states, be-

tween samples with a stable grown oxide and samples measured

just after stripping of the native oxide, and the impact of the

electrostatics on the reproducibility of the Hall effect measure-

ments (cf. Figure 4a and the related discussion), the DHE data

treatment was applied separately to the two sample groups:

those measured just after oxide stripping and those measured in

the presence of a stable native oxide.

Four successive etching processes were realised for each sam-

ple resulting in eight experimental points. All the raw Hall data

from both investigated samples are reported in Figure 9. When

the layer thickness decreases, the electrical parameters evolve
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following the expected behaviour, with the sheet resistance in-

creasing and the active Hall dose decreasing as a function of the

removed thickness. However, due to non-uniformity of the

dopant distribution in depth, the observed variations are not

linear. As for the carrier mobility, the RTA-annealed samples

exhibits higher values than the DSA-annealed samples, in

agreement with the lower active dopant concentration already

inferred from conventional Hall measurements (cf. Table 1).

In addition, it has to be noted that the samples could not be

profiled over the entire thickness of the active layer, as indicat-

ed by the unexpectedly high resistance value of the DSA

annealed sample after 5 nm of etching (Figure 9a), and in

apparent contrast with the high active fraction (>90%) of this

sample (Table 1). This is attributed to the presence of the back-

side depletion region located at the Si/BOX interface, the

impact of which on the measured values increases with the

increase of the removed thickness. As reported in previous

studies in similar SOI structures [18], this effect does not

modify the reliability of the dopant concentration extracted at

the surface, where it exhibits its maximum value. A possible

solution to overcome this problem could consist in the local

modification of the dopant concentration at the Si/BOX inter-

face (for instance by a dedicated low-dose implant) so to

strongly reduce the extent of the backside depletion region.

However, such additional step was not considered in this work,

the main focus of which is on the dopant activation at the semi-

conductor surface.

The calculated differential Hall values are finally presented in

Figure 10. The obtained values are plotted together with arsenic

concentration profiles measured by SIMS, by taking into

account the actual position of the SiO2/top Si interface (cf.

Figure 8), while corrections of the depth scale related due to the

surface depletion effect have been neglected due to high doping

levels measured in these samples (cf. previous section and

Figure S7, Supporting Information File 1). The DHE carrier

concentration profiles perfectly follow the chemical profiles

measured by SIMS, confirming that both annealing methods

provide a high dopant activation efficiency. More importantly,

DHE measurements unambiguously show that, within the first

two nanometres below the surface, millisecond annealing

results in a higher active dopant concentration compared to

RTA, making DSA a better candidate than RTA for contact

resistance reduction in future FDSOI technologies.

Conclusion
In this paper, we presented an enhanced differential Hall effect

measurement method that allows to determine, with sub-

nanometre resolution, the level of dopant activation close to the

surface for Si and SiGe. In the case of SiGe, which constitutes

Figure 10: Active dopant concentration depth profiles as extracted by
DHE measurements from 11 nm thick SOI wafers implanted with As+

(3 keV, 1 × 1014 cm−3) and annealed with spike-RTA (red symbols) or
millisecond-laser-DSA (blue symbols). DHE values are compared with
the corresponding arsenic chemical concentration profiles as
measured by SIMS.

the most challenging process, we showed the reliability of the

SC1 chemical solution thanks to its slow etch rate, stoichiome-

try conservation and low roughness generation. For both materi-

als, our method include a direct measurement of the removed

thickness after each removal step, so to avoid averaging the etch

rate and improve the accuracy of calculated values. Then, we

demonstrated the reliability of a complete DHE procedure, with

an etching step as small as 0.5 nm, on a dedicated 20 nm thick

SiGe test structure fabricated by CVD and uniformly doped in

situ with boron during growth.

The developed method was finally applied to the investigation

of dopant activation achieved by advanced annealing methods

in two material systems: 6 nm thick SiGeOI and 11 nm thick

SOI. In the first case, we showed that a doping process based on

nanosecond-laser annealing can be successfully applied to ultra-

thin SiGeOI layers, with achieved active dopant concentrations

at the surface well above 1 × 1020 cm−3, which is a promising

result in view of improving contact resistivity in SiGe source/

drain regions of advanced devices. In the second case, DHE

measurements unambiguously show that, within the first few

nanometres below the surface, millisecond-laser-DSA can result

in a higher active dopant concentration compared to RTA,

making DSA a better candidate than RTA for contact resistance

reduction in future FDSOI technologies. In summary, thanks to

the improvements implemented in this work, DHE is shown to

be a unique sensitive characterisation technique for a detailed
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investigation of dopant activation in ultrashallow layers, provid-

ing sub-nanometre resolution for depth profiles of both dopant

concentration and carrier mobility.

Supporting Information
Supporting Information File 1
Additional experimental data.

[https://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-9-184-S1.pdf]
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