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Abstract  

We investigate the surface blistering/exfoliation in H-implanted GaSb (100) substrates. 

Samples were implanted by 50 keV hydrogen ions with fluence of 5 × 1016 and 1 × 1017 

ions/cm2 at room temperature. Post-implantation annealing studies were carried out up to 300 

ºC to observe surface blistering. For the samples implanted with fluence 5 × 1016 ions/cm2, 

annealing showed no sign of surface blistering. However, post-implantation annealing at   200 

ºC for 2 min resulted in surface blistering for the samples implanted with fluence 1 × 1017 

ions/cm2. Exfoliation of the surface in the form of craters was observed for 1 × 1017 ions/cm2 

implantation case which was quantified using various parameters. Interestingly, surface 

exfoliation over large area was observed for both fluences after post-implantation annealing. 

High resolution X-ray diffraction studies of the H-implanted samples showed the existence of 

damage-induced strain and its dependence on the hydrogen fluence. Microstructural 

investigations of the damage region have been carried out using cross-sectional transmission 

electron microscopy. The width of the damage region and the formation of microstructures 

were found to depend on the fluence of hydrogen ions which eventually guides the surface 

blistering/exfoliation. 
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Introduction 

Hydrogen (H) implantation in semiconductor materials has various applications in the 

microelectronic industry. One such application is the passivation of defects and the fine tuning 

of their electrical properties [1]. Hydrogen implantation is also used in the ion-cut process to 

transfer thin crystalline layers from a H-implanted substrate onto another host material [2-4]. 

In principle, it could be used for the heterogeneous integration of compound III‒V 

semiconductors on a silicon platform for opto-electronic applications [5,6]. In this context, 

gallium antimonide (GaSb) is interesting because many compound semiconductors whose 

bandgap lies between 0.3 and 1.58 eV can be easily matched on its crystalline lattice [7]. Such 

GaSb/SiO2/Si based substrates would be perfect for fabricating high frequency devices, laser 

diodes and infrared detectors [8‒10]. Up to now, most of such structures are grown on semi-

insulating gallium arsenide (GaAs) substrates [11,12]. The large lattice mismatch of ~7% 

between GaSb and GaAs inevitably results in high dislocation densities at the GaSb/GaAs 

interface [11,12]. To overcome the lattice mismatch problem, several attempts have been made 

including the use of low temperature buffer layers [13,14]. The ion-cut process could be an 

alternative approach to solve the issue by directly transferring high quality GaSb layers with 

controlled thickness onto silicon wafers.  

Today, the ion-cut process is being used to fabricate most of the silicon-on-insulator (SOI) 

wafers sold on the planet [2-4]. Thus, the mechanism leading to the fracture of the material is 

well understood in silicon [15-18]. Hydrogen ions are implanted with doses and energies so 

that the hydrogen concentration reaches a few percent at the projected range of the ions. The 

hydrogen ions induce damage in the crystal lattice, initially as vacancies and interstitials which 

recombine during and following implantation at room temperature until stable complexes are 

formed [16,18]. During post-implantation annealing, these complexes transform and 

precipitate in the form of nanometer-size platelets which further grow in size by Ostwald 
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ripening and finally coalesce to form highly hydrogen pressurized micrometer-size cracks 

parallel to the wafer surface [17,19]. If the implantation depth is not too large, the surface can 

elastically relax the stress exerted by the hydrogen pressure inside the cavities. This gives rise 

to the appearance of blisters on the surface [17]. If the surface cannot relax this stress, because 

of its too large amplitude or because the cavities are too deep below the surface, cracks 

propagate parallel to the surface, eventually lifting off the top surface and leaving craters on 

the surface [20]. This is called layer exfoliation. The possibility to form blisters and exfoliate 

the material is admitted to be a prerequisite condition for the successful application of the ion-

cut process of some material [21,22]. Indeed, in this process a “handle” wafer is bonded onto 

the implanted surface before annealing. Acting as a stiffener, it prevents the implanted material 

to elastically relax the stress generated by the cavities and favors crack formation and 

propagation until fracture of the whole wafer occurs [3,4]. This is why most research aimed at 

investigating the possibility of transferring new materials using the ion-cut process starts with 

the study of blistering/exfoliation phenomena. This work focuses on the study of hydrogen 

implantation and annealing induced surface exfoliation for the GaSb single crystalline 

substrate.   

The conditions required for the transfer of high quality GaSb layers using the ion-cut process 

have not been much explored so far. Hobart and Kub showed that thin films of GaSb could be 

transferred onto insulating substrates using H-implantation in combination with direct wafer 

bonding [23]. Subsequently, Zheng et al. also performed H implantation-induced 

blistering/splitting studies in GaSb. The implantation involved 150 keV H+ ions at a fluence of 

5.5 × 1016 cm-2 [24]. In our preliminary work, we reported on surface blistering and exfoliation 

over regions of few micrometers in diameter in H-implanted GaSb [25]. Post-implantation 

annealing temperature and duration of annealing was varied from 200 to 500 °C and 1 minute 

to 80 minutes, respectively. This resulted in surface blisters of sizes 10 –20 µm along with 
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exfoliation extended over tens of micrometer area [23-25]. However, large surface area 

exfoliation, which is one of the favorable requirements for layer transfer, has not been reported 

so far. Also, there is no report available in the literature on different characteristics of the GaSb 

implanted layers which determine the efficiency and quality of the process.  Thus, in the present 

work, we report on the influence of the implanted fluence onto the strain, onto the nature of 

microstructural damage resulting from ion implantation and annealing and finally, on 

blistering/exfoliation phenomena in GaSb. 

Experimental  

2-inch in diameter p-type Si doped (100) GaSb wafers were purchased from Wafer World, Inc. 

USA.  They were diced to quarter size samples and implanted with 50 keV hydrogen ions at 

fluences of 5 × 1016 or 1 × 1017 ions/cm2. H-implantation was carried out at room temperature 

(RT) with a current density of 10 µA cm-2. The sample surface normal was set ~7° off the 

hydrogen ion beam to minimize ion channeling [26]. Post-implantation annealing was carried 

out in air using a box type furnace in the 200-400 °C range and for times ranging from 1 to 30 

min [24,25]. The surface topography of the samples was investigated using an optical 

microscope (Nikon ECLIPSE LV100D) in Nomarski contrast mode and an atomic force 

microscope (AFM) from Bruker (Dimension Icon) in contact mode. The physical dimensions 

of the blisters were measured using a stylus surface profilometer (KLA-Tencor). The depth 

profile of the implanted hydrogen ions was measured by secondary ion mass spectroscopy 

(SIMS) using a CAMECA IMS 4F. The strain in the as-implanted sample was measured using 

high resolution X-ray diffraction (HRXRD). For that, triple-axis diffraction (TAD) 2θ/ω was 

carried out around the (004) Bragg peak using a Philips X’Pert PRO diffractometer. 

Microstructural investigations were carried by cross-sectional transmission electron 

microscopy (XTEM) using an aberration-corrected FEI TECNAIF20, equipped with an FEG 
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source. Samples were prepared by focused ion beam (FIB) techniques using a FEI Helios 

Nanolab 600 dual-beam FIB and SEM.   

Results and discussion  

The implantation of hydrogen ions in semiconductors gives rise to various defects and damages 

the crystal lattice [27,28]. After post-implantation annealing, these defects rearrange 

themselves in such a way to cause blistering/exfoliation of the implanted semiconductor 

wafers. Thus, the study of these defects in the as-implanted state becomes important.  To 

understand the effect of hydrogen implantation in GaSb, the current study has been divided 

into two parts; (i) as-implanted and (ii) post-implantation annealing study of hydrogen 

implanted GaSb.   

As-implanted study of hydrogen implanted GaSb 

Fig. 1 shows the depth-distribution of hydrogen obtained by SIMS in the sample implanted 

with 1 × 1017 H+/cm–2. The maximum hydrogen concentration is 3.25 × 1021 atom/cm3 at a 

depth of ~ 410 nm from the sample surface. The area under the SIMS profile, which represents 

the fluence of hydrogen actually implanted within GaSb, was found to be approximately equal 

to the hydrogen fluence to which the material was submitted, indicating that there was no 

fluence loss of hydrogen ions during or after implantation. The energy of the H-implanted ions 

decides the projected range of ions inside the material. Fig. 2 shows the result of the Monte 

Carlo simulation of this implantation using the Stopping and Range of Ions in Matter (SRIM) 

code [29]. The simulation predicts about the same concentration of hydrogen but at a slightly 

larger depth  (~ 440 nm) than measured by SIMS. The damage profile, which represents the 

distribution of point defects initially generated by the implant, has its maximum at a slightly 

shallower depth ( ~390 nm from the top of the H-implanted surface).   
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To investigate the hydrogen-induced damage in GaSb, cross-sectional TEM measurements of 

the two samples were carried out in the as-implanted state. Fig. 3 shows a set of cross-sectional 

TEM images of the sample implanted at a fluence of 5 × 1016. Fig. 3a is a bright field image 

taken under dynamical diffraction conditions. Under such conditions, the black regions in the 

image denote the strain fields generated by the defects resulting from the implantation. A 

“damage band” containing these defects is found centered at a depth of about 420 nm from the 

top of the surface and extends over a width of about 115 nm. Fig. 3b is a high magnification 

image of the same sample but taken under out-of-Bragg, out-of-focus conditions, suitable for 

the detection of gas-filled objects through the Fresnel contrast they generate in the image [18]. 

This image shows alignments of nano-bubbles and the presence of platelets and nano-cracks, 

50 to 80 nm in diameter, preferably at the bottom of the damage band (mean depth 460 nm), 

both aligned parallel to the surface. Fig. 4a is a bright field image of the sample implanted at 1 

× 1017 ions/cm2. The damage band has substantially increased in width, now at about 190 nm, 

but is centered at a shallower depth than it was. In other words, when increasing the fluence, 

the damage band has extended more on its surface side than on its deep side. Fig. 4b shows that 

the damage band is filled with platelets and alignments of nano-bubbles. Numerous nano-

cracks are visible, confined at the very bottom of the damage band. Some of them have visibly 

coalesced, forming larger cracks more or less parallel to the wafer surface. Still, the material is 

not fractured as there exist regions between the cracks which are not delaminated. 

The implantation of hydrogen ions generates defect complexes that lead to the distortion or 

strain in the lattice (Modelling of point defect complex formation and its application to H+ 

ion implanted silicon, N. Cherkashin et al., Acta Materialia 99 (2015) 187–195). HRXRD 

investigations have been carried out to determine the effect of fluence on the strain and thereby 

on blistering or exfoliation in H-implanted GaSb. A TAD 2θ/ω scan was carried out around 

(004) Bragg peak. Fig. 5 shows the XRD profiles we have recorded on these samples around 

Commenté [c1]: In silicon, it is demonstrated that strain is 
mostly generated by HnVm complexes. VH4 and V2V6 are the most 
efficient to generate strain. 
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their (004) Bragg peaks, normal to the wafer surfaces. For the pristine GaSb, a sharp peak is 

observed at the characteristic angle 𝜃 = 60.72º. For the implanted samples, this peak has 

shifted toward 𝜃 = 60.32 º and 60.24º, for the samples implanted at 5 × 1016 and 1 × 1017 

ions/cm2, respectively. These negative shifts demonstrate the deformation of the implanted 

layers, which increases with the fluence.  Reboh. et al. [30] and more recently, Cherkashin et 

al. have discussed in detail this behaviour in H-implanted silicon [31]. Following implantation, 

numerous defect complexes are formed. Their overall effect is to put the implanted layer under 

compression. As in pseudomorphic heterostructures, this stress cannot relax in-plane and the 

material thus reacts by generating an out-of-plane (perpendicular to the wafer surface) tensile 

strain, 𝜀 =
∆

, where d is the interplanar spacing between (004) planes and ∆𝑑 is the 

change in this interplanar spacing due to H-induced damage. From the experimentally observed 

shifts of the Bragg’s peaks, we find 𝜀  ~ 0.65 % and ~ 0.79 % for the samples implanted with 

5 × 1016 and 1 × 1017 H+/cm2, respectively. Assuming the material is isotropic, the in-plane 

compressive stresses at the origin of these strains can be calculated from the relation, σxx =

−2µ
∆

, where µ is the shear modulus of the material [30]. Taking µ = 24.1 GPa for GaSb, 

we get in-plane compressive stresses of −482 and −578 MPa for the two respective fluence 

values. Moreover, the full width at half maximum (FWHM) of the damage peak, which is an 

indication of the width of the damage region, also increases with the fluence, from 0.042 to 

0.065 and is in agreement with the TEM observations.  

 Post-implantation annealing study of hydrogen implanted GaSb 

Surface blistering is a complex phenomenon and is required to observe layer splitting in H-

implanted semiconductors. H-induced blistering depends on various implantation parameters 

such as ion fluence and implantation temperature [32-34]. Post-implantation annealing 
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parameters viz temperature and time also affect the surface blistering [25,34]. Thus, both these 

post-implantation parameters have been varied to study the surface blistering of GaSb samples. 

Fig. 6a and 6b show optical images of the surfaces of the GaSb samples implanted with 5 × 

1016 H+/cm-2 after annealing at 200 ºC for 2 and 5 min, respectively. Though annealing was 

expected to result in surface blistering however, we observed large area surface exfoliation as 

can be seen in fig 6a. Increasing the annealing time to 5 min finally resulted in the total 

exfoliation of the implanted layer. Fig. 7a, 7b, 7c and 7d show the optical images of the GaSb 

samples implanted with 1 × 1017 cm-2 after isothermal annealing at      200 ºC for 2, 5, 10 and 

30 min, respectively. After 2 min annealing, blisters are seen on the surface with diameters and 

heights in the 2 to 10 µm and 30 to 90 nm ranges, respectively, as measured by profilometry 

(Fig. 7a). Moreover, in a few places, craters are also observed with sizes ranging from 10 to 50 

µm. These craters are thought to result from the exfoliation of the material due to the 

coalescence of a group of blisters. When increasing the annealing time, the craters get 

distributed uniformly over the surface while their density increases (Fig. 7b, 7c and 7d)), visibly 

at the expense of the surface region. 

Fig. 8a is an AFM image obtained in contact mode of the edge of a surface crater (see red circle 

in Fig. 7a). Fig. 8b is a line-scan extracted from this image. This scan shows that the edge of 

the crater is somehow curved upward and that the distance between the top edge and the bottom 

of the crater is of about ~ 474 nm. This compares well with the depth at which the nanocracks 

have been detected by XTEM in the as implanted sample (see Fig. 4b). 

Alternatively, Fig. 9a, 9b, 9c and 9d show the optical images of the GaSb samples after 10 min 

isochronal annealing at 200, 225, 250 and 300 ºC, respectively. These figures show that the 

percentage of the surface which is exfoliated increases with the annealing temperature. Thus, 

exfoliation behavior of the H-implanted GaSb was assessed as a function of annealing 

temperature. To quantify this aspect, we have defined three characteristic parameters: (i) 
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exfoliation efficiency (𝐴 );  defined as  𝐴 (%) = 𝐴 𝐴  × 100, where 𝐴  is the total 

exfoliation area obtained by sum of the individual exfoliated areas and 𝐴  is the total area 

of the image, (ii) mean exfoliation area (𝑆 ); defined as 𝑆  = 𝐴 𝑁⁄ , where  𝑁  is the 

total number of the individual exfoliation areas measured in the image, and (iii) exfoliation 

density (𝐷 ); defined as 𝐷  = 𝑁 𝐴⁄  [35]. These parameters were calculated from the 

images obtained from the Nomarski optical microscopy and the corresponding results are given 

in Table 1. For each annealing temperature, different regions of the exfoliated areas were 

selected to calculated these parameters. 

Table. 1. Exfoliation efficiency A , mean exfoliation area S  and the exfoliation density D  
for the GaSb samples implanted with 50 keV hydrogen ions for a fluence of 
1 × 1017 cm–2 at room temperature. The samples were annealed at 200, 225, 250 and 300 ºC for 
10 min, respectively. 
 

Annealing Temperature 
(ºC) 

𝑨𝐞𝐱 𝑺𝐞𝐱 
(µm2) 

𝑫𝐞𝐱 

200          42%                  5.25        0.076 

225          52%                  6.10        0.082 

250 58%                  8.75        0.069 

300          100%                  NA         NA 

 
 
It was found out that with the increase in the annealing temperature, the exfoliation efficiency 

A  and the mean exfoliation area S  increased (see Table 1). However, the exfoliation density 

D  first increases and reaches a value of 0.082 for 225 ºC and then decreases. This could be 

due to the implanted hydrogen which nucleates the implantation-induced cavities in the damage 

region. The increase in the exfoliation efficiency A  and the mean exfoliation area S  with 

the annealing temperature is related to the concentration of hydrogen atoms within these H-

induced cavities inside the damage region. Reboh et al. reported that with the increase in the 

annealing temperature, the internal pressure within the cavities increases which results in the 
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coalescence of neighboring cavities [36]. When the pressure inside cavities is high enough, the 

exfoliation of the top surface occurs in the form of surface craters. However, for annealing at 

temperature 300 ºC, large area exfoliation of the top surface was observed (Fig. 9d). Also, the 

exfoliation of the top surface for the implantation with fluence 5 × 1016 ions/cm2 occurs at 200 

ºC for 5 min. On the other hand, for the implantation with fluence 1 × 1017 ions/cm2, exfoliation 

was observed at a higher temperature of 300 ºC for 10 min. This could be due to the formation 

of the narrow damage band in the case of implantation with fluence 5 × 1016 ions/cm2. H-

induced defects generated are distributed in a narrow damage region and upon post-

implantation annealing, hydrogen is released from the H-induced defects complexes and 

accumulates inside the extended defects (platelets). Consequently, platelets grow to form 

nanocracks and eventually lead to the formation of large cracks parallel to the H-implanted 

surface which resulted in surface exfoliation after post-implantation annealing at a lower 

temperature. 
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Conclusion 

In conclusion, we have investigated the blistering/exfoliation in the H-implanted GaSb as a 

function of ions fluence. Samples implanted with fluence of 5 × 1016 ions/cm2 showed 

exfoliation of the top surface after post-implantation annealing at 200 ºC for 5 min. However, 

for the samples implanted with fluence 1 × 1017 ions/cm2, exfoliation of the surface along with 

craters was observed after post-implantation annealing at 300 ºC for 10 min. The exfoliation 

behavior of the H-implanted samples with annealing temperature was investigated using three 

parameters: exfoliation efficiency, mean exfoliation area and exfoliation density. It was 

observed that the exfoliation efficiency and mean exfoliation area increase with the increase in 

annealing temperature. HRXRD showed the dependence of H-induced strain on the fluence of 

implanted ions. Damage-induced strain was found to be more in the case of implantation with 

fluence 1 × 1017 ions/cm2. Microstructural investigation revealed the formation of damage 

region decorated with extended defects in the form of platelets of size between 50 and 80 nm 

for fluence 5 × 1016 ions/cm2 and nanocracks formation for fluence 1 × 1017 ions/cm2. The 

width of the damage region was found to be less in the case of H-implantation for the fluence 

5 × 1016 ions/cm2. This resulted in narrow distribution of the defects within the damage region 

resulting blistering after post-implantation annealing and eventually exfoliation of the top 

surface.    
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Figure captions 
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Fig. 1 Experimental depth-distribution (SIMS profile) of hydogen after 1 × 1017 H+/cm2, 50 

keV ion implantation into GaSb. 

 

                

 

 

 

 

 

 

 

 

Fig. 2 Monte Carlo simulations of the ion and damage profiles (SRIM code) resulting from 50 

keV H+ ions in GaSb sample. 
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Fig. 3 (a) Cross-sectional TEM image of the GaSb sample implanted with 50 keV H+ ions with 

the fluence of 5 × 1016 ions/cm2. (b) high magnification cross-sectional TEM image of the 

damage region. 
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Fig. 4 (a) Cross-sectional TEM image of GaSb sample implanted with 50 keV H+ ions with the 

fluence of 1 × 1017 ions/cm2. (b) The high magnification cross-sectional TEM image of the 

damage region. 
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Fig. 5 HRXRD of the pristine GaSb sample and the H-implanted samples with fluence          5 

× 1016 ions/cm2 and 1 × 1017 ions/cm2, respectively. A triple-axis diffraction (TAD) 2θ/ω scan 

was carried out around (004) Bragg peak.  
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Fig. 6 Nomarski optical images of the GaSb samples after post-implantation annealing at  200 

ºC for (a) 2 min, and (b) 5 min. H-implantation was carried out at room temperature with ions 

fluence of 5 × 1016 ions/cm2. 
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Fig. 7 Nomarski optical images of the GaSb samples after post-implantation annealing at  200 

ºC for (a) 2 min, (b) 5 min, (c) 10 min, and (d) 30 min.  H-implantation was carried out at room 

temperature with ions fluence of 1 × 1017 ions/cm2.  
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 Fig. 8 (a) AFM scan at the edge of the surface crater (see red circle in Fig. 7a). (b) AFM 

sectional measurement at the edge of the surface crater. H-implantation was carried out at room 

temperature with ions fluence of 1 × 1017 ions/cm2.    
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Fig. 8 Nomarski optical images of the GaSb samples after the post-implantation annealing at 

(a) 200 ºC, (b) 225 ºC, (c) 250 ºC, and (d) 300 ºC. Post-implantation annealing studies were 

carried out for a fixed duration 10 min in all the cases. H-implantation was carried out at room 

temperature with ions fluence of 1 × 1017 ions/cm2.  

 

 

 

 

 

 


