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Abstract. The Smart Cut™ process offers an advantageous opportunity to provide a large number of 
performance-improved SiC substrates for power electronics. The crystalline quality and the electrical 
activation of the 4H-SiC transferred layer are then at stake when it comes to the power device 
reliability. In this study, we find that the H+ ion implantation used for the Smart Cut™ process leads 
to electrical deactivation of dopants and partially disorders the material. The transferred layer fully 
recovers its initial crystalline quality after a 1300°C anneal, with no further evolution beyond this 
temperature. At this point however, the n-type dopants are still inactive. The dopant reactivation 
occurs in the same temperature range than that of implanted nitrogen: between 1400°C and 1700°C. 
After 1700°C, the initial doping level of bulk SiC is recovered. 

Introduction 
Recent restrictions on combustion-engine vehicles sells for 2035 and beyond from the European 
Union [1] encouraged expert analysts to predict the market shares of electric vehicles, and thus of 
power silicon carbide (SiC) modules, to skyrocket in the next few years [2]. Despite the continuous 
improvement of substrates quality over the years, as well as an always more important number of 
manufacturers, a global SiC wafer shortage is feared among the community, as the production ramp 
up from 6” to 8” wafer size is still to be effective. In this extent, the Smart Cut™ process offers a 
state-of-the art opportunity to overcome this challenge. Significant yield optimization and 
performance improvements have been achieved by combining the benefits of an ultra-low resistivity 
polycrystalline handle and of a high quality 4H-SiC transferred layer [3]. The crystalline quality and 
the electrical activation of the 4H-SiC transferred layer are then at stake when it comes to the power 
device reliability. The H+ ion implantation used for the Smart Cut™ process however leads to 
electrical deactivation and partially disorders the material. Annealing is then mandatory to recover all 
the properties of the transferred layer. The absence of any buried thermal oxide in such so-called 
SmartSiC™ substrates – which was the key feature in the case of Silicon On Insulator (SOI)-based 
products [4] – allowed us to investigate the recovery of the transferred layer over uncommonly high 
temperatures, using various characterization techniques. Particularly, the study of the Raman 
Longitudinal Optic Plasmon-Coupled (LOPC) mode is of great interest, since the position and shape 
of this peak can be directly related to the carrier concentration of a polar semiconductor such as SiC 
[5], [6]. In this paper, we present for the first time studies over a broad range of temperature (from 
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RT to 1900°C), allowing to analyze the entire progress of crystal recovery: starting from the evolution 
of the crystallinity of the implanted and then transferred material, to its dopant reactivation.  
Although that Rutherford Backscattering Spectroscopy (RBS) in channeling mode is the most 
common method to characterize implantation damage, it is often quite costly and cannot be conducted 
in clean room. In this extent, Raman spectroscopy offers more cost-friendliness and accessibility. 
This second technique is also widely used for damage and amorphization characterization after ion 
implantation [7]–[12]. Particularly, a disordered material will allow more degrees of freedom to its 
atoms due to the presence of vacancies. Consequently, the Raman response of a bi-atomic compound 
such as SiC will reflect the disorder through the apparition of broad bands, characteristic of the 
Raman-active Si-Si, Si-C or C-C disordered phonons. The amplitude of those can then be used to 
quantify the crystallinity of the material when compared to a pristine reference [7], [12]. 
Raman spectroscopy may as well come in useful for doping characterization in polar semiconductors 
such as InP or GaN or SiC [5], [6]. Indeed, at high carrier concentrations, longitudinal oscillations of 
the lattice will influence the material’s electronic susceptibility through the effect of the modulation 
of the associated macroscopic electric field. A consequence of this effect is the coupling of the 
longitudinal Optic (LO) phonon with the plasmon. While some authors applied the model to 4H-SiC 
and 6H-SiC in order to, for instance, characterize the spatial repartition of n-type dopants in PVT-
grown wafers [13]–[15] or to investigate the electrical activity of extended defects [16], no paper 
about dopant reactivation in transferred SiC thin film was found in the literature. The experimental 
data obtained in the context of the present study was fitted using the model described in [14] in order 
to retrieve the active donor concentration from the inferred plasmon frequency. 
The dopant activation in silicon carbide is a widely studied phenomenon, as most manufacturers use 
N+, P+, Al+, or B+ ion implantations to process SiC power devices [17]. After implantation, annealing 
is mandatory – not only to recover a good crystalline quality; but also to make the impurities diffuse 
and become electrically active. The minimum temperature varies from one doping species to another. 
Particularly, 1650°C is a commonly accepted activation temperature for Al or N [17]–[22]. If such 
temperatures are well-known to be needed to activate implanted impurities, the reactivation of 
hydrogen-implanted n-doped 4H-SiC was barely studied beyond moderated temperatures of around 
1300°C [4], [23]. In the case of Smart Cut™ layer transfer, the N electrical reactivation phenomenon 
might be associated to two distinct mechanisms. Either it is related to the N diffusion activation 
energy, as it is for post-implantation activation [17]. Or – if the path of the displaced N atom is 
sufficiently short – it may only come from the reconstruction of the disordered C lattice (since N is 
electrically active when substituted to a C atom [24]). In the last case, the activation temperatures 
might be rather different from those found by other research groups for implanted N [19]. 

Materials and Methods 
In order to characterize both the crystal quality and its dopant reactivation, three series of samples 
were prepared as follows. 1- Commercial wafers of 4°-off axis, 4.1018 cm-3 N-doped bulk 4H-SiC 
were H+-implanted as conventional SmartSiC™ substrates [3], before annealing up to 800°C for 30 
minutes. This first series served for both crystallinity recovery (Raman, RBS) and dopant activation 
analysis. 2- Another series was prepared using a monocrystalline 4H-SiC layer, transferred on a 
monocrystalline 4H-SiC substrate using the same implantation process. This second series was then 
annealed at 950°C, 1300°C, 1500°C and 1700°C (30 minutes each), and was used for XRD and 
Spreading Scanning Resistance Microscopy (SSRM) characterizations. 3- A last series was prepared 
the same way as the second one, but transferred on a polycrystalline handle substrate instead of on a 
monocrystalline one, and annealed up to 1900°C. This last series allowed characterizing the dopant 
activation of the transferred layer up to high temperatures – taking advantage of the polySiC receiver, 
which does not show any Raman response in the 950-1050 cm-1 range (and thus allowing a clear 
reading of the transferred layer’s LOPC mode only). All Raman spectra were acquired in 
backscattering geometry using a 532 nm laser excitation on a Renishaw IN-VIA apparatus with a 
numerical aperture of 0.9. The laser power was varied along the experiment to compensate for the 
loss of intensity of the LOPC mode with higher doping concentrations. It was prior verified that no 
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photocurrent was induced in the 4H-SiC layer with higher laser power. The channeled RBS spectra 
were performed with a AIFIRA-type particle accelerator [25], using a 2.8 MeV alpha particles beam. 
The damage quantification was carried out using the technique described in [26]. Eventually, the I-V 
measurements were performed on samples from the third series, using a coplanar c-TLM test structure 
with MESA insulations, forcing the current to flow across both the top layer and the handle substrate. 

Implanted and Transferred Layer Crystal Quality 
Bulk crystal recovery. Two observations can be made from the channeled RBS spectra displayed on 
Fig. 1. First, it is hardly possible to distinguish any difference between the silicon backscattering 
spectra from the as implanted and the 200°C anneal samples. Then, the amplitude of the peak from 
the sample annealed at 600°C decreases drastically – testifying of the important recovery of the crystal 
over this range of temperature.  

 
Fig. 1: Channeled-RBS spectra of samples from the first series after anneal at 200°C and 600°C, 

along with random, un-implanted and as-implanted spectra. The right inset show a magnification on 
the backscattering yield peaks corresponding to the damaged area. 

The same way as for RBS spectra, some preliminary remarks can be made after a glance on the Raman 
spectra taken on the samples from the first series – presented on Fig. 2. The broad bands from 
disordered Si-Si, Si-C and C-C phonon are emphasized with dashed areas. They can clearly be seen 
appearing after ion implantation on the spectrum labelled “RT” (un-annealed). Similarly to channeled 
RBS characterization, we barely witness any change in the shape of the Raman spectra when the 
implanted SiC is annealed at 200°C. However, after 400°C anneal and over, the decrease of the broad 
bands intensities becomes quite noticeable.  

 
Fig. 2: Raman spectra obtained on all samples from the first series (normalized intensity). The 

dashed rectangles emphasize the disorder-characteristic Si-Si, Si-C and C-C Raman-active bands. 
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The Fig. 3a highlights the crystal recovery in the range of RT to 800°C, with data from both 
characterization techniques. The Raman bands areas were calculated after normalization of the 
spectra to the TO (E2) peak, in order to compensate for the loss of intensity due to the increase of the 
optical absorbance of the disordered material [9], [10]. Both characterization techniques show that 
the 200°C annealing has almost no effect on the degree of crystallinity of the implanted material. 
However, both decrease rapidly until 600°C. The Raman bands area points to a residual damage of 
about 10% of the initial disorder after an 800°C anneal. This result reminds that of Usmann et al. [7], 
who find – after a categorically different implantation process (6H-SiC, Na+ ions) – very similar 
kinetics of recovery, although that the initial damage of the SiC lattice was much higher (see Fig. 3b). 

 
Fig. 3: (a) Raman broad bands amplitude and RBS Si lattice integrated damage (calculated from the 
method given in [26]) after annealing at different temperatures. (b) Normalized lattice disorder from 

Raman broad band characterization along with results from Usmann et al. [7]. 

Transferred layer crystal quality. After layer transfer, the crystal quality was investigated using 
XRD Reciprocal Space mapping (RSM). The light twist angle between the transferred layer 
crystalline axis and those of the receiver monocrystalline substrate (samples from the second series) 
allowed to differentiate the (0004) Bragg peaks from both contributions. There is a crucial difference 
between the pattern obtained on the 950°C anneal sample (Fig. 4a) and those from sample annealed 
at the three higher temperatures (Fig. 4b to Fig. 4d). The (0004) Bragg peak from the transferred layer 
align perfectly with that of the substrate as soon as 1300°C, and does not change with the application 
of more severe annealing. The lattice parameter inferred from these last three measurements is the 
same than that of the bulk monoSiC (receiver substrate) – proving the full relaxation of the crystal. 
Contrarily, we find for the first sample an increase in the layer’s lattice parameter of 0.18%. The 
residual presence of hydrogen (assessed with SIMS, see Fig. 5) could be the cause of this strain. 
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Fig. 4: XRD-RSM of the (0004) 4H-SiC Bragg peak established on samples from the second series 

after of several annealing temperatures: (a) 950°C; (b) 1300°C; (c) 1500°C and (d) 1700°C. 

The Laue fringes, clearly distinguishable on Fig. 4b to Fig. 4d, prove the good quality of the 
transferred layer after 1300°C. However, they are, in the case of the 950°C annealed sample, not only 
hardly visible, but also highly asymmetrical along the Qz cut. This last point emphasizes the existence 
of an in-depth strain gradient in the transferred layer – which completely disappears after the 1300°C 
treatment. The width of the rocking curve across the transferred layer’s peak is also similar in all the 
last three measurements, and quite higher in that of the 950°C annealed sample. Such a mosaicity can 
however come from the presence of extended defects such as dislocations, but is likely to originate 
from the bonding interface, which may not be fully closed after moderated temperatures annealing. 

 
Fig. 5: Hydrogen SIMS profile on a second series sample (950°C anneal). 

Dopant reactivation 
Since the SiC power devices are vertical conduction devices, the electrical conductivity (and thus, the 
electrical activation) of the 4H-SiC transferred layer is also an important point to focus on. Two types 
of electrical measurement were carried out in order to probe the electrical conductivity of this layer: 
SSRM and I-V measurements; whose results are shown on Fig. 6. Those two characterizations clearly 
reveal that the transferred layer is insulating after 950°C – almost no current at all flowed through the 
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substrate in the range of -1 V to 1 V polarization (see Fig. 6b). Contrarily, the structure is conductive 
after a 1700°C anneal, and the corresponding SSRM micrograph (Fig. 6a) does not show any contrast 
difference between the transferred layer and the monoSiC receiver. These results coincide well with 
the previous XRD characterization: the crystal is indeed insulating after 950°C (as it could be inferred 
from its crystalline quality); and the transferred layer has fully recovered its properties after 1700°C. 

 
Fig. 6: (a) Cross-section SSRM micrographs from the 950°C and 1700°C anneal samples from the 
second series. A one µm-thick SiO2 layer was prior deposited on the front side to allow measuring 

close to the sample edge. (b) I-V characteristics (carried out on coplanar c-TLM structure on 
samples from the third series) after anneal at 950°C and 1700°C. 

All samples from both the first and the third series were measured using Raman spectroscopy, and 
the LOPC mode was thoroughly studied in order to understand the ongoing mechanisms under the 
electrical activity of the H+-implanted and then transferred 4H-SiC. The Fig. 7 displays the positions 
of the LOPC peak from all the above-mentioned measurements along with the corresponding active 
carrier concentrations in the range of 1200°C to 1900°C. The LOPC mode Raman shift shows three 
distinct steps of recovery over the studied range of temperatures. 1- Between room temperature and 
1300°C. In this temperature range, the LOPC Raman mode appears at a frequency lower than that of 
unintentionally doped 4H-SiC (in other words, below 964.2 cm-1 [13]–[15]). The carriers are trapped 
in the defects of a partly disorganized crystal, such as vacancies or interstitials – which may be 
complexed with implanted H [4], [23]. The doping concentration in this temperature range could not 
be estimated from the phonon-plasmon coupling phenomenon, since some parasitic effects may take 
place. A slight shift of the LO mode Raman shift may indeed occur due to strain, and make such an 
estimation erroneous. Moreover, the effective conductivity of the material can as well be superior as 
what the sole doping level would suggest, because of the emergence of other conduction mechanisms 
such as trap-assisted tunneling. 2- Then, we assist to an explosive dopant activation between 1400°C 
and 1700°C; suggested by a steep rise in the LOPC peak position. Interestingly, this activation occurs 
in the same temperature range as that of implanted nitrogen in SiC [17]–[22]. Hence, this phenomenon 
is more likely related to the diffusion activation energy of nitrogen in SiC rather than to crystal 
reconstruction mechanisms. 3- Eventually, a 1700°C anneal allows the transferred layer to recover 
the initial bulk doping level, with no further evolution when annealing up to 1900°C. 
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Fig. 7: Electrical activation of implanted and transferred 4H-SiC. (a) Position of the LOPC mode 

from RT to 1900°C; (b) corresponding active concentration between 1200°C and 1900°C 

The electrical activation mechanism is thus proved uncorrelated to the crystal reconstruction process. 
As shown with XRD, the 4H-SiC lattice fully recovers its quality at 1300°C – namely, at the same 
temperature the Raman shift of the LO mode regains the position of that of the semi-insulating SiC. 
Only once the crystal is healed, the dopant reactivation occurs: starting from about 1400°C, and being 
complete after 1700°C. We can thus conclude that no dopant activation take place in the transferred 
SiC layer before all (or at least a vast majority of) traps are eliminated through diffusion and 
recombination from the transferred crystal [23]. 

Conclusion 
We hereby report for the first time studies of healing and reactivation mechanisms of a transferred 
4H-SiC thin film over a wide range of temperatures. Raman scattering and RBS – which showed an 
important crystallinity recovery at relatively low temperatures – could assess the initial influence of 
the H+ ion implantation on bulk 4H-SiC crystal. After 950°C, the thin monocrystalline SiC layer is 
however still insulating. A 1300°C anneal allows the material to fully relax and reorganize, with no 
further evolution beyond this temperature. The dopant reactivation takes place at higher thermal 
budgets, after the full recovery of the crystalline quality. The transferred layer then recovers the donor 
doping level and electrical conductivity after 1700°C. 4H-SiC thin film transfer process optimization 
can now be carried on using the protocol described here, for instance with the investigation of ion 
implantation alternatives: such as the dose or the nature of the ions. 
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