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A B S T R A C T   

The effect of H+ implantation and annealing of diamond (100) monocrystalline substrates has been studied by 
ToF-SIMS, cathodoluminescence, transmission spectroscopy and TEM. Blistering conditions suitable for the 
Smart Cut™ technology have been identified in monocrystalline diamond, using two sets of hydrogen implan-
tation and annealing. A first hydrogen implantation followed by a first annealing leads to amorphization of a 
buried layer without hydrogen exodiffusion. Blisters and exfoliations appear at the surface of the diamond 
samples, after a second hydrogen implantation inside the pre-amorphized diamond layer and a final annealing, as 
evidenced by TEM and optical microscopy. Demonstration of hydrogen-induced blistering is a major step to 
adapt the Smart Cut™ process on diamond material. This process is compatible with wafer bonding before the 
second annealing and therefore open the way for thin diamond layer transfer on a bonded receiver wafer, still not 
achieved to date.   

1. Introduction 

Diamond based devices are attracting a lot of interest for future 
generations of ultra-wide band gap semiconductor power devices. Dia-
mond devices stand out for their efficiency at high voltage, high tem-
perature and in harsh environments, thanks to its outstanding electronic 
and thermal properties. However, despite constant efforts to increase the 
substrate surface area, the vast majority of device demonstrations are 
made on mm2 sized diamond plates. The two preferred method to grow 
diamond are High Pressure High Temperature (HPHT) and Chemical 
Vapor Deposition (CVD). These methods can produce low defect density 
diamonds, but are not suitable to achieve wafer scale substrates, because 
of the very low growth speed and the small size of the diamond seeds. 
Hence, the price for electronic grade multisectorial plates is much higher 
than other wide band gap material such as GaN, SiC and Ga2O3, with low 
availability of substrates of more than 2 cm2. Also, heteroepitaxy is 
being used to produce large monocrystalline diamond substrates [1]. 
But the resulting defect density in the grown diamond layer is still too 
high from a device fabrication standpoint. Achieving wafer size 

electronic grade diamond layers is key toward efficient device devel-
opment and successful industrialization. Most device fabrication lines do 
not accept less than 2 in. wafers. 

A promising approach to overcome wafer dimension and cost issues 
is the use of a thin layer transfer technology. Such technique allows 
economy of matter by transferring a thin layer on a cheaper handling 
substrate. By using multiple layer transfer, large substrate paving can be 
achieved, promoting diamond access to standardized microelectronics 
equipment. Realization of free standing diamond films has already been 
demonstrated in the past. The most reported technique uses the selective 
etching of a graphite sacrificial layer created by ion implantation [2–5]. 
This technique has been improved over the years [6–8] and is still used 
today [9]. These methods are however limited by the long etching time 
of the graphite layer and have poor compatibility with wafer bonding 
technologies. 

The most widely used semiconductor thin layer transfer technique is 
the Smart Cut™ technology [10]. It first allowed Soitec to produce 
Silicon-On-Insulator wafers [11] and has been since adapted to other 
wide band gap semiconductor materials such as silicon carbide [12] or 
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gallium nitride [13], but not yet to diamond. This technique uses ion 
implantation, most of the time light ions such as hydrogen, to create 
buried nano-cavities inside the material, called platelets in the case of 
silicon [14]. The implanted wafer is then bonded to a handle substrate 
and a final annealing activates H2 formation that feeds the cavities and 
makes them expand. Under the interface mechanical stress due to the 
bonded substrate, the cavities widen and coalesce laterally, forming 
microcracks and a final fracture that quickly spreads to whole wafer, 
allowing separation of the thin film. Compared with graphite selective 
etching technique, the splitting time is faster and not size dependent, i.e. 
this technique can easily be applied to larger substrates without 
downsides. 

In the absence of a bonded handle substrate, gas-fed cavities are free 
to expand horizontally and vertically, thus deforming the substrate 
surface causing bubbles to appear. This phenomenon is called blistering. 
Finding implantation and annealing conditions leading to blistering, is a 
key step toward the demonstration of the Smart Cut™ process. Com-
bined with a suitable wafer bonding technique, blistering conditions are 
necessary to achieve the layer transfer after the final annealing. Blis-
tering literature in diamond is sparse and only some conditions have 
been reported using hydrogen [15–21]. They often require annealing 
temperatures over ≥1300 ◦C, not suitable with standardized production 
and limiting potential bonding techniques due to coefficient of linear 
thermal expansion mismatch. Suk et al. [22] reported the most 
convincing blistering conditions up to now. They introduced a pre- 
amorphization step by carbon implantation and annealing, to create a 
buried graphite-like layer which is then implanted with hydrogen. After 
a final 850 ◦C annealing, they obtained the delamination of a 2.3 μm 
thick diamond layer. However, this process uses carbon ion implanta-
tion which requires large implantation energies in the MeV range to 
preserve the near-surface crystallinity. Hence, the achievable film 
thickness is in the micrometer scale. We thus propose in this work to 
realize the pre-amorphization step using hydrogen. It is well known that 
light ion implantation induced damage is more concentrated at the end- 
of-range, making possible the realization of higher quality, thinner film 
transfers. Hydrogen implantation conditions and annealing leading to a 
suitable graphite-like layer, and then to blistering, are thus to be 
determined. Pinero et al. [23] previously published a TEM study of 
hydrogen implantation amorphization of diamond. In this work, we 
further characterize the evolution of diamond upon ion induced 
amorphization. In the first part, the experimental process flow will be 
detailed. The second part will deal with the diamond pre-amorphization 
after the first combination of ion implantation and annealing. In the 
third part, the blistering phenomenon induced after the whole process, 
using only hydrogen implantation, will be demonstrated and 
characterized. 

2. Experimental 

Three IIa (100) HPHT 4 × 4 × 0.5 mm3 diamond plates from New 
Diamond Technology (NDT) and one IIa (100) CVD 3 × 3 × 0.3 mm3 

diamond plate from LakeDiamond have been implanted and annealed 
following the conditions described in Table I. The whole process is 
depicted in Fig. 1. The three NDT samples have been first used to study 
the pre-amorphization conditions by performing hydrogen implantation 
(step 1) at 60 ke V with doses of 5 × 1016 cm− 2, 1.4 × 1017 cm− 2 and 3 ×
1017 cm− 2. Referred respectively as low dose (LD), medium dose (MD) 
and high dose (HD). All three samples were then annealed (step 2) 
during 1 h at 1000 ◦C under vacuum (1 × 10− 8 mbar). After the step 2 
annealing, a color change was observed indicating a structural modifi-
cation of the implanted layer, but no significant blistering was obtained. 
Two localized blisters were nonetheless observed on the HD sample, 
with diameters of approximately 215 μm and 250 μm. The induced 
maximum vacancy density simulated by SRIM [24] is given in Table I. 
The LakeDiamond sample was then used to find suitable blistering 
conditions with the full process (steps 1 to 4). Thanks to a hard mask, 

this substrate was hydrogen implanted and annealed in the same con-
ditions as the NDT samples, but with two different doses, 1× 1017 cm− 2 

and 1.5× 1017 cm− 2, referred respectively as B1 and B2. Following the 
first 1000 ◦C annealing, another set of implantation and annealing was 
performed on the LakeDiamond sample with a fixed dose of 2.3× 1017 

cm− 2 (see Table I) at the same energy, voltage parameters and annealing 
conditions used previously (step 3 and 4 in Fig. 1). After the 1000 ◦C step 
4 annealing, significant blistering was only observed with B2 condition. 
A large portion of the surface was covered with bubbles and exfoliation. 

The implanted hydrogen concentration is tracked using time of flight 
secondary ion mass spectroscopy (ToF-SIMS) after steps 1 and 2. 
Hydrogen-related or point defects created during steps 1 and 2 were 
studied by cathodoluminescence and optical transmission. Finally, the 
blistered sample formed after step 4 annealing was studied using TEM 
and optical microscopy. 

3. Results 

3.1. Pre-amorphization of the damaged layer (step 1 and 2) 

Pinero et al. [23] previously published a TEM study of hydrogen 
implantation amorphization of diamond, with the same implantation 
and annealing parameters used in this study. It was established that the 
MD and HD conditions cause diamond amorphization after annealing 
whereas the LD condition does not. ToF-SIMS hydrogen profiles recor-
ded after steps 1 and 2 for LD, MD and HD HPHT samples are given in 
Fig. 1b, c and d respectively. MD and HD SIMS profiles have been 
adjusted, so the hydrogen peak concentration is located in the amor-
phous region observed by the TEM cross-sections shown if Fig. 1e and f. 
LD depth profile was set the same as MD since no TEM images are 
available on this sample. More informations on the TEM preparation and 
analysis can be found in a previous publication [23]. LD SIMS profile 
was arbitrarily adjusted to the same depth as MD since no amorphous 
region is present after annealing. Moreover, since loss of detected 
hydrogen may occur after step 2 annealing, the relative sensitivity factor 
(RSF) was calibrated using the H concentration in LD. That is to say, the 
RSF of SIMS profiles acquired after step 2 are adjusted so the total dose 
in LD condition is 5 × 1016 cm− 2. For LD and MD implantation condi-
tions, no significant change in the H concentration peaks is observed 
after annealing. This indicates that hydrogen exodiffusion is extremely 
limited in diamond, even after a high temperature annealing at 1000 ◦C. 

One can notice however that HD profile is truncated after step 2. This 
phenomenon has already been observed in hydrogen-implanted silicon 
and has been attributed to the presence of molecular hydrogen H2 [25]. 
ToF-SIMS technique is not efficient at detecting gaseous molecules due 
to their volatile nature. Only a small fraction of them remains on the 
surface to be ionized by the SIMS ion beam, while the rest escape in the 
chamber in a non-ionized, molecular form. Most H2 molecules are thus 
left undetected by the mass spectrometer. This is then a strong indication 
of the presence of gas-filled nano-cavities, which are the starting point of 
fractures in the Smart Cut™ technique. Yet, it seems that in these 

Table I 
H+ doses and their associated vacancy density (Dv), simulated by SRIM. LD refers 
to “low dose”, MD to “medium dose”, HD to “high dose”, B1 to “Blistering 1” and 
B2 to “Blistering 2”.   

Steps 1 and 2 study Blistering study (step 4) 

LD MD HD B1 B2 

Dose 1 
(cm− 2) 

5.0 ×
1016 

1.4 ×
1017 

3.0 ×
1017 

1 × 1017 1.5 ×
1017 

Dv 1 (cm− 3) 2.0 ×
1022 

5.6 ×
1022 

1.2 ×
1023 

4 × 1022 6 × 1022 

Dose 2 
(cm− 2)    

2.3 ×
1017 

2.3 ×
1017 

Dv 2 (cm− 3)    9.2 ×
1022 

9.2 ×
1022  
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conditions the fraction of molecular hydrogen is too weak to cause an 
observable blistering. By comparing the HD profiles after step 1 and step 
2, the detected hydrogen concentration decreases by about 40% after 
annealing. Assuming that all the undetected hydrogen is under molec-
ular form, this amount may be insufficient to induce blistering. For 
example, in silicon it was reported that 60% of the implanted hydrogen 
is in molecular form [25] when blistering is observed. Moreover, no 
nano-cavities could be detected by HAADF observation of a lamella 
taken from the HD sample, shown in Fig. 1 f. Only an homogeneous 
amorphous, sp2-rich region is observed. This discrepancy between ToF- 
SIMS and TEM could be explained by local nano-cavities formation. The 
area analyzed by ToF-SIMS was a 50 × 50 μm2 square, while the region 
observed on the lamella by HAADF was only a few μm long and between 
100 and 200 nm thick. Local nano-cavities and cracks propagation, 
probably triggered by pre-existing local crystalline defects such as dis-
locations, could also explain why only two blisters were observed after 
annealing of the HD sample. Despite this fraction of implanted hydrogen 
appearing to be converted in dihydrogen in the region probed by ToF- 
SIMS, significant blistering was not obtained in this area. Even for a 
higher implanted dose of 4 × 1017 cm− 2 (not shown in this work), only 
scarce and local blisters were observed. 

To clarify the role of the implanted hydrogen on the diamond crys-
talline structure, an optical study has been carried out by optical 
transmission and cathodoluminescence on LD, MD and HD sample, as 
well as on an unimplanted one, after steps 1 and 2. All spectra are shown 
in Fig. 2. The cathodoluminescence spectra were recorded scanning a 25 
μm2 area at 7 K, with a beam acceleration voltage of 10 kV and beam 
current of 10 nA. 

At step 1, all three implanted samples exhibit an increased visible 
light absorption. The strong absorption at high energy (200–300 nm) 
has been previously attributed to the presence of sp2 carbon [26]. GR1 
center is also detected in both transmission and cathodoluminesence 
spectra of implanted samples, respectively at 650 nm and 1.675 eV. It is 
the signature of isolated neutral vacancies (V0) [27,28]. In cath-
odoluminescence spectrum, another centre is detected at 2.565 eV and 
may be attributed to substitutional nickel or to a defect created after 
neutron irradiation [29]. Finally, cathodoluminescence spectra shows 
two large peaks centered at 2.2 eV and 3.14 eV. The first one, common to 

the four samples, is the signature of boron doping (green band, [28]) and 
the second one, only detected in the implanted samples has been 
attributed to boron passivation (blue band, [28]). 

At step 1, hydrogen is therefore not detected in any H–V or mo-
lecular form but is rather trapped by non-radiative defects. At the same 
time, V0 are created and a fraction of sp3 carbon converts into sp2 

hybridization. 
After the first annealing (step 2), all three implanted samples cath-

odoluminescence spectra exhibit the same features, except for the large 
signal intensity difference. However, their transmission spectra differ 
significantly. In a previous study [23], TEM images demonstrated a 
partial crystalline recovery for LD sample and an amorphous layer for-
mation for MD and HD samples. 

The cathodoluminescence study reveals that the peaks related to 
isolated vacancies and proton implantation damage disappeared after 
annealing. However, two new peaks and their phonon replica are 
detected at 2.423 eV and 2.99 eV and are respectively attributed to a 
defect probably containing interstitial and to N3–V (the N3 centre) 
[29]. The green band and the blue band remain after annealing but their 
contribution is hard to define, partly hidden by the other peaks contri-
butions. However, the blue band, undetected in unimplanted sample 
before annealing appears afterward. The increase of the signal intensity 
after annealing is attributed to partial crystallinity recovery within the 
implanted layer. This effect is more pronounced in the LD sample where 
the opaque amorphous layer is almost fully healed to a colorless dia-
mond, hence the signal intensity is close to the unimplanted sample. 

In optical transmission, all implanted samples undergo substantial 
color change during annealing, while no significant change is observed 
on the unimplanted one. Overall, three trends are observed depending 
on the defect density generated during implantation.  

(i) At LD, the transmission is significantly increased after annealing, 
close to the unimplanted condition. Also, the previously observed 
GR1 centre and sp2 carbon signature are not detectable anymore. 
This results are in good agreement with the TEM study of Pinero 
et al. [23], showing recovering of the crystalline structure.  

(ii) At MD, the transmitted light intensity is only slightly increased 
after annealing. Therefore, the crystalline recovery is only partial. 

Fig. 1. (a) Schematic of different technological steps used for the blistering process. Doses used in step 1 are detailed in Table I. Step 3 implantation is done at a fixed 
dose of 2.3 × 1017 cm− 2. (a), (b) and (c), ToF-SIMS hydrogen profiles of respectively LD, MD and HD samples after step 1 implantation in black and after step 2 
annealing in red. (e) and (f), HAADF micrography of a FIB lamella prepared in respectively the MD and HD sample. 
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The sp2 carbon signature is not distinctively observed anymore as 
well as the GR1 center, but an interference pattern may cover its 
presence. This interference pattern is the signature of a thin, well- 
defined, absorbing layer [27].  

(iii) Finally at HD, the sample seems to keep its pre-annealing features 
with an overall increased absorption, related to the thickening 
and/or change of optical properties of the sp2 rich amorphous 
layer. 

These studies indicate that for a generated defect density of 2 × 1022 

cm− 3 (LD) and lower, the initial amorphous layer can be healed with an 
annealing. The implanted hydrogen is therefore not able to diffuse and 
coalesce in H2 molecules. For a defect density of 5.6 × 1022 cm− 3 (MD), a 
threshold is crossed over which the implanted layer cannot recover its 
crystallinity after annealing. Instead, this heavily damaged layer is 
further enriched in sp2. It results in a sharp transition, previously re-
ported to be 20 nm [23], between the crystalline and amorphous layers 
after annealing. It is however important to emphasize that defect den-
sities simulated by SRIM are calculated for a material at 0 K. Thus, SRIM 
vacancies' density is over-estimated due to the dynamic annealing effect 
during implantation. It is also well known that the ion beam can cause 
significant heating of the samples. As such, different equipment and 
thermal contacts between the substrate holder and samples can induce 
significant variations of vacancies density. In addition, due to an over-
estimation of electronic stopping power of hydrogen in diamond, the 

end-of-range calculated by SRIM and given in [23] is largely under-
estimated. We however find these simulations useful for the sake of 
comparison. 

In the amorphous layer, part of the implanted hydrogen is able to 
diffuse sufficiently to recombine in molecular form, indirectly detected 
in ToF-SIMS experiments. Since no V–H centres are detected, the 
remainder may be trapped in optically inactive defects. Secondly, iso-
lated vacancies may diffuse and recombine with impurities to form more 
complex defects, such as N3–V or interstitial-containing defects. 

At this stage, implanted hydrogen is too stable in defects and/or 
small cavities, thus preventing blistering after step 2. Larger doses above 
4 × 1017 cm− 2 and higher temperature annealing might be required. But 
such conditions are detrimental for the crystalline quality of the trans-
ferred film, as well as the wafer bonding techniques necessary for the 
Smart Cut™ technology. 

3.2. Blistering of the diamond surface (step 4) 

To further increase the hydrogen content in the amorphous 
implanted layer and promote H2 formation, a second set of implantation 
(step 3) and annealing (step 4) has been carried out on a LakeDiamond 
sample. The implanted doses B1 and B2 are detailed in Table I. The 
optical microscopy of the surface in both conditions is shown in Fig. 3 
(a). Following the final annealing, significant blistering is observed on 
the surface implanted with B2 conditions, very likely to be compatible 

Fig. 2. Optical transmission spectra of unimplanted, LD, MD and HD samples (in gray, red, blue and green respectively) (a) after step 1 and (b) after step 2. 
Cathodoluminescence spectra of unimplanted, LD, MD and HD samples (in gray, red, blue and green respectively) (c) after step 1 and (d) after step 2. Black arrays 
show detected defect centers. 
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with the Smart Cut™ process. In contrast, B1 conditions lead only to 
local bubbles and exfoliation. 

Transmission electron microscopy has been performed in implanted 
area with B1 and B2 conditions. TEM images are shown in Fig. 3(b) and 
(c), revealing the presence of the expected amorphous layer in both B1 
and B2 condition. The sp2/sp3 ratios in crystalline and amorphous car-
bon layers were extracted from EELS measurements, shown in Fig. 3(d), 
taken from marked locations in Fig. 3(b). However, nanocavities are 
only observed using the B2 conditions, in the middle of the amorphous 
carbon layer. Their expansion and coalescence, due to molecular 
hydrogen formation are what is causing the macroscopic blistering of 
the surface. As expected, such feature is not observed in diamond 
implanted with B1 conditions which did not lead to pre-amorphization. 
Only an homogeneous amorphous layer is present, similar to one can 
expect after a single set of implantation and annealing. The desired 
properties for the pre-amorphized layer are obtained when the gener-
ated layer vacancies density is above an amorphization threshold 
comprised between 2 × 1022 and 5.6 × 1022 cm− 3 as estimated by SRIM 
calculation, then annealed at 1000 ◦C during 1 h to obtain a graphite- 
like layer. 

The need for a pre-amorphization step is quite peculiar to diamond, 
as in most other material the fracture occurs in a heavily damaged, but 
crystalline material. One possible explanation is the low diffusivity of 
hydrogen in diamond, even at high temperature. ToF-SIMS measure-
ments clearly show that after a 1000 ◦C annealing, there is no significant 
widening of the hydrogen depth profile. Hydrogen diffusivity is prob-
ably too low in the amorphous phase created during implantation as 
well. While signs of molecular hydrogen cavities formation occur after 
annealing, at a dose of 3 × 1017cm− 2 and higher, no significant blis-
tering was observed up to 4 × 1017 cm− 2 implanted hydrogen ions (not 
shown in this work). A large blistered surface is only obtained when an 
amorphized and annealed layer is hydrogen implanted. In our case, the 
sp2/sp3 ratio increases to reach a value around 0.8 (Fig. 3(d)). Similarly, 
Kalish et al. [30] reported that after C and Ar implantation above the 
amorphization threshold and annealing, the amorphous layer becomes 
graphite-like. Its density drops to around 2.1 cm− 3 and acquire metallic 
conduction. It could be that there is a threshold sp2/sp3 ratio of the pre- 
amorphized layer, which allows for sufficient cavities formation for 
cracks to propagate. Interestingly, Gippius et al. [15] evidenced a “low 

temperature” (>800 ◦C) and a “high temperature” (>1460 ◦C) graphi-
tisation of hydrogen irradiated diamond. They postulated that with the 
former, which has been used during pre-amorphization in this work, 
hydrogen is mostly trapped by radiation damage and the graphitisation 
is related to vacancies. While in the case of “high temperature” 
graphitisation, the bonds between hydrogen and the radiation damage 
are broken, providing free hydrogen able to diffuse, responsible for the 
observed blistering in their study. One can then suggest that the role of 
the pre-amorphization is either, to create a layer easier to saturate with 
hydrogen after a “low temperature” annealing. Or to form a layer in 
which some of the hydrogen bonds with radiation damage are weaker, 
such that a “low temperature annealing” can break them. The specific 
mechanism leading to blistering at >800 ◦C is yet to be understood. 

4. Conclusions 

Using two combinations of hydrogen implantation and 1000 ◦C 
annealing, blistering conditions have been found. Above a cumulated 
dose of 3.7 × 1017cm− 2 (1.4 × 1017 + 2.3 × 1017 cm− 2), gas bubble 
coalescence happens during last annealing in the centre of the amor-
phous implanted layer, leading to localized fracture and blistering of the 
surface. No significant blistering phenomenon occurs after the first 
annealing: during this step, hydrogen may be trapped in optically 
inactive defects. For a dose of 3 × 1017cm− 2, signs of nano-cavities 
formations were nonetheless observed by ToF-SIMS. However, even at 
a dose as high as 4 × 1017cm− 2 and a 1000 ◦C annealing did not produce 
blistering. The nano-cavities formation and subsequent cracks propa-
gation seems more favorable when implantation occurs in a sp2 rich, 
graphite-like layer, formed by steps 1 and 2 implantation and annealing 
above the amorphization threshold. This confirms the observation of 
Suk et al. [22], who also used a pre-amorphization step prior to 
hydrogen implantation and annealing. These blistering conditions are 
made at lower temperature than most reported conditions from the 
literature, could produce a few hundred nanometres thick layers, while 
preserving the crystallinity of most of the transferred layer. Once com-
bined with wafer bonding, it opens the way to the diamond Smart Cut™. 

Fig. 3. (a) Optical microscopy of hydrogen implanted sample at 1 × 1017 + 2.3 × 1017 cm− 2 and 1.5 × 1017 + 2.3 × 1017 cm− 2 (B1 and B2 respectively). TEM images 
of (b) B2 and (c) B1 implanted layers. Locations where STEM-EELS spectra where recorded in B2 are labelled, the extracted sp2/sp3 ratios of each area are indicated in 
parenthesis. (d) STEM-EELS spectra measured from the marked locations in (b) and corresponding sp2/sp3 ratios. 
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