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We have investigated the influence of substrate temperature during implantation, Timplant, 

on blister formation in GaAs:N layers produced by N ion implantation followed by rapid thermal 

annealing. Similar depths of popped blisters (craters) and damage profiles were observed for 

both low and high Timplant.   This is in contrast to reports of Timplant-dependent blister formation in 

higher-diffusivity systems such as GaAs:H and Si:H.  The apparent Timplant-insensitivity of blister 

formation in GaAs:N is likely due to the lower diffusivity of N in GaAs in comparison to that of 

H in GaAs and Si.   
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 Localized surface deformation caused by the internal gas pressure of sub-surface flaws or 

by residual stresses within near-surface layers is often termed “surface blistering,” and has been 

observed following processes which involve ion-solid interactions.1  These processes range from 

H+ and D+ irradiation-induced erosion of reactors to layer transfer by ion-cut following H+ 

implantation into semiconductors.2  Implantation-induced gas bubbles have been revealed by 

transmission electron micrographs of voids3 and by gas emission associated with bursting of 

surface blisters.4  In semiconductors, studies of implantation-induced blistering have focused on 

light ions (H or He) in Si and GaAs.  In Si:H, bubble and blister formation has been attributed to 

diffusion of implanted ions into extended lattice defects (platelets).3  In GaAs:H, blister 

formation has been reported within a Timplant window ranging from ~120 to ~300 °C.5,6  

Interestingly, in GaAs:H, the extent and depth-dependence of lattice disorder increases with 

Timplant,5,6 up to ~300 °C.  Above ~300 °C, out-diffusion of hydrogen prevents the accumulation 

of gas required for bubble formation.5  For several semiconductors implanted with light ions, 

bubble and blister formation are also dependent on the Timplant, and occur only within a 

temperature window that is specific to the particular ion-matrix system.7,8   For the systems 

studied to date, it has been suggested that the lower-temperature bound is determined by lattice 

damage, while the upper-temperature bound is limited by the ion-matrix diffusivity.7  In this 

work, we demonstrate the key role of diffusion on the Timplant-dependence of blister formation. 

We focus on GaAs:N, which exhibits low diffusivity for both highly-damaged9 and crystalline10 

systems.  For GaAs:N layers produced by N-implantation into GaAs followed by rapid-thermal 

annealing (RTA), we report a Timplant-insensitivity of crater (popped blister) depths and damage 

depth profiles, due to the insignificant  ion-matrix diffusivity in this case.   
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For this study, ~1 µm thick GaAs films (undoped or Si-doped) were grown by molecular-

beam epitaxy on (001) GaAs.  To induce both nanocrystal formation and blistering, these high 

purity films were implanted with 100 keV N+ at a fluence of 5 x 1017 cm-2, as described in earlier 

reports.11,12  To minimize ion channeling, a ~7° ion beam angle of incidence with respect to the 

sample surface normal was utilized.  During implantation, the substrate temperature was 

maintained at -196 °C or 300 °C; we will refer to the corresponding samples as “low-T 

implanted” and “high-T implanted,” respectively.  RTA was performed in N2 gas for 30 sec at 

800 °C, as discussed in Ref. 12.  Tapping-mode atomic force microscopy (AFM) was performed 

in a Digital Instruments NanoScope IIIA, using etched Si tips.  The retained N dose and the 

depth-dependence of the N concentration, [N], were determined with nuclear reaction analysis 

(NRA) using the 14N(d,α1)12C reaction,13 as described in Ref. 14.  The depth-dependence of 

lattice disorder was determined by channeling-Rutherford backscattering spectrometry (RBS) 

with a 2 MeV He++ beam, in conjunction with SIMNRA simulations.   

To examine the origins of blister formation, we compared scanning electron micrographs 

(SEM) of the surfaces of (a) as-grown, (b) as-grown-plus-annealed, (c) high-T-implanted, and (d) 

high-T-implanted-plus-annealed GaAs layers.  As shown in Figs. 1(a) and 1(c), the surfaces of 

the as-grown and as-implanted layers appear featureless.  The surface features apparent on the 

annealed GaAs surface, shown in Fig. 1(b), are likely due to As loss during RTA.11  Surface 

blisters and craters (popped blisters) are observed in the implanted-plus-annealed case shown in 

Fig. 1(d).  Thus, it appears that blister formation results from subsurface N2 gas accumulation 

during RTA.   

The normalized NRA yields vs. ion energy for low- and high-T-implanted layers are 

shown in Fig. 2.  The similar ion-energy-dependence of the yields suggests similar N depth 
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profiles in both cases.  The retained fluence of low- and high-T-implanted layers, estimated from 

integrals of the peak areas, are (4.9±0.3) and (4.8±0.3) x 1017 cm-2
.
  The similarity of these values 

to that of the target dose (5.0x1017 cm-2) indicates near-complete N retention in GaAs:N, even at 

300 °C.  This is in contrast to GaAs:H, for which retained H fluence in a 300 °C implant was 

32% lower than that for a -90 °C implant,5 presumably due to H out-diffusion.    

Post-annealing surface morphology and local variations in crater depths were examined 

using SEM and AFM images of low-T (high-T) implanted-plus-annealed layers, as shown in 

Figs. 3(a) (3(c)) and 3(b) (3(d)).  In both cases, SEM images reveal blistered surfaces with 

similar feature sizes and densities.  Examples of ~2 µm diameter blisters and craters are 

highlighted in Fig. 3(a) and 3(c) by solid and dashed circles, respectively.  Line-cuts from the 

AFM images in Figs. 3(b) and 3(d) reveal ~200 nm crater depths for both the low- and high-T 

implanted-plus-annealed layers.  The similarity of these crater depths with the depth of the 

maximum [N] predicted by SRIM simulations, as well as the nearly complete retention of 

implanted N discussed above, suggest insignificant diffusion of N during the annealing step.   

To compare damage depth distributions, (001) channeling-RBS measurements were 

performed in implanted layers.  Figure 4 presents the normalized yield vs. energy and depth for 

low-T and high-T (a) implanted and (b) implanted-plus-annealed GaAs layers.  For comparison, 

random and (001) channeling yields from GaAs are included on the plots.  The ratio of the 

channeling-RBS yield to the random case, χ, is a measure of the fraction of ions which were de-

channeled, presumably due to lattice disorder.  For both the low-T and high-T-implanted layers, 

similar depth-dependencies of the normalized yield are apparent in Fig. 4(a), suggesting similar 

damage depth profiles for both cases.  The low-T-implanted sample exhibits a slightly wider 

depth profile (at ~300 nm) compared to that of the high-T-implanted sample.  Although the 
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minor differences between the spectra are at the level of the detector energy resolution (±20 

keV), similar shifts in damage recovery with increasing Timplant have been reported in GaAs:N.15  

Yet, this similarity in GaAs:N is in contrast to the significant Timplant-dependence of both 

normalized yield and depth profile of backscattered ions observed in -90 to 320 °C-implanted 

GaAs:H.5,6  

 The energy-dependence of the normalized RBS yield for implanted layers following 

annealing is presented in Fig. 4(b).  The annealed layers (without implanted N) exhibit a near-

surface maximum at ~1580 keV, most likely due to As loss from the top ~50 nm of the layer.  In 

addition, the implanted-plus-annealed layers exhibit a local maximum in the normalized RBS 

yield at ~1480 keV, which corresponds to a depth of ~200 nm beneath the surface.  The value of 

this local maximum in yield is similar to that of the random GaAs case, and its depth corresponds 

to that of the observed bubble formation,12 as well as to the predicted depth of maximum [N] and 

crater depth formation shown in Fig. 2.  Thus, it is likely that this local maximum in yield is due 

to de-channeling of He++ at the Ga or As atoms displaced by N bubble-induced internal surfaces 

and strain fields, confirming the T-insensitivity of bubble formation depths.    

The Timplant-insensitivity of crater depths, average damage depth profiles, and ion depth 

profiles for GaAs:N can be explained in the context of diffusivity-driven blister formation.  In 

GaAs, Timplant-dependent blistering has been observed for implantation of H5,6 and/or He16 ions, 

both of which exhibit substantially higher diffusivities than that of N in GaAs at the implantation 

temperature ranges associated with blister formation.17  For example, the absence of surface 

blistering on GaAs:H for Timplant > 300 °C5 is likely related to the significant H re-distribution 

and out-diffusion reported for Timplant > 200 °C.19  Similarly, in Si:H, an upper-bound Timplant for 

blister formation of ~450 °C is reported,7 and for high dose, room temperature-implanted Si:H,20 
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blister formation was not observed, presumably due to enhanced H diffusivity in that case.21  

Indeed,  H diffusion in both Si21 and GaAs18 has been reported to depend on lattice damage, 

presumably due to the dominance of a vacancy-assisted interstitial diffusion process.  In contrast, 

the observed damage-insensitivity of blister formation in GaAs:N is likely related to an 

interstitial kick-out diffusion mechanism which would not be influenced by vacancies.10 

The role of diffusivity in bubble formation is further supported by comparison of 

exfoliation in GaAs:N and Si:H.  In Si:H, with increasing Timplant, the exfoliation depth varies 

from the depth of maximum ion concentration to that of maximum lattice damage,22 where 

presumably a higher concentration of extended defects act as bubble nucleation sites.  On the 

other hand, in GaAs:N, the exfoliation depth remains at the depth of maximum ion 

concentration, even for high-T implantation and annealing.  Thus, in the case of a low-diffusivity 

system, diffusion is inhibited and the exfoliation depth is likely to be controlled by the projected 

ion range.  These results suggest that ion-matrix diffusivity influences the temperature-

dependence of blister formation.   

In summary, we have examined the influence of Timplant on blister formation in GaAs:N.  

Local crater depths, average damage depth profiles, and retained N doses were similar for both 

low-T and high-T implantations.  This is in contrast to the Timplant-dependence of these 

parameters observed in light ion, high-diffusivity systems such as GaAs:H and Si:H.  Thus, the 

low diffusivity of N in GaAs, which is independent of the extent of lattice damage, leads to 

Timplant-insensitive exfoliation depths and damage depth profiles.  Therefore, low ion-matrix 

diffusivity may be beneficial for the stable precipitation of bubbles across a wide range of 

processing temperatures. 
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FIGURES 

 

 

Fig. 1: SEM images of (a) as-grown (b) annealed (c) high-T-implanted and (d) high-T-implanted-
plus-annealed GaAs.  Surface features are not apparent in both (a) as-grown and (c) high-T-
implanted samples.  For the (b) annealed and (d) high-T-implanted-plus-annealed films, surface 
pitting and blistering are apparent, respectively.   
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Fig. 2: NRA spectra of α1 particle yield vs. energy in low-T and high-T-implanted GaAs.  The 
similarity of counts vs. energy between the two samples indicates that the retained fluence 
(estimated from integrated peak areas) and [N] depth profile are similar for both.    
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Fig. 3: (Color online) SEM (AFM) images of (a, (b)) low-T-implanted and (c, (d)) high-T-
implanted-plus-annealed samples.  SEM images in (a) and (c) reveal circular blisters and craters 
~2 µm in diameter (highlighted with solid and dashed circles, respectively in (a)) for both low- 
and high-temperature implantations.  AFM images of the same areas are shown in (b) and (d).  
The cross-sectional profiles reveal crater depths of ~200 nm in both cases.  
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Fig. 4: Channeling-RBS spectra as a function of backscattered energy of GaAs layers (a) before 
and (b) after annealing, comparing low-T- (open symbols) and high-T- (closed symbols) 
implanted samples with GaAs in the random and (001) aligned configurations.  In both cases, the 
normalized yield is similar for the low-T and high-T samples, suggesting similar lattice damage.  
The implanted-plus-annealed spectra in (b) exhibit local maxima at ~1480 keV (corresponding to 
~200 nm) attributed to dechanneling by bubbles.  


