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The effect of self-heating during 150 keV hydrogen implantation at a dose of 2.5 and
5×1016 H2

+/cm2 on the exfoliation of InP is investigated.  For material implanted without
controlled cooling, significant heating during the implantation prevented subsequent layer
transfer.  The failure to exfoliate the layer in this case is attributed to the loss of hydrogen
and the inability to form platelet type defects at a high temperature.  Additionally, the
damage profile observed by transmission electron microscopy in the uncooled sample
extends from the projected range to the surface of the substrate.  In contrast, the implant
damage and defects of InP cooled to –20°C are well confined to a single layer at the
projected range with a thickness of about 150 nm.  This thinner damage distribution is
believed to be able to trap more effectively the hydrogen.  This in turn, allows greater
coalescence of the hydrogen and the platelet defects leading to exfoliation.  The successful
exfoliation of III-V materials is more sensitive to implant conditions than in the case of Si
possibly due to the significantly lower thermal conductivity in III-Vs, which will ulti-
mately lead to greater target heating during implantation.

1. Introduction

The success of silicon-on-insulator fabrication by wafer bonding and layer transfer
techniques gives a promising outlook for the integration of other material systems.  For a
variety of III-V applications, conventional epitaxial techniques are not adequate due to a
large lattice mismatch; however, wafer bonding offers a suitable alternative.(1,2)  In particu-
lar, the technique of hydrogen implantation and exfoliation is attractive due to the high cost
of bulk III-V materials.  In this process, a high dose of hydrogen is implanted into the
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substrate and upon annealing hydrogen-filled platelets form and coalesce to induce the
exfoliation of a thin layer.(3,4)  The bulk of the substrate is virtually unaffected and may be
recycled to produce multiple exfoliation layers.

The hydrogen splitting of a variety of III-V materials has been reported; however,
several reports indicate that thermal history during and after implantation is critical to the
formation of exfoliation-inducing defects.(4-7)  For example, with InP, an implantation
temperature or subsequent annealing temperature of 150–250°C is required to form the
platelet defects necessary for layer exfoliation.(6,7)  Additionally, it has been reported that
for Si the thickness and morphology of the transferred layer can be varied by the
temperature at which implantation takes place.(8)  In that study, implantation at room
temperature led to narrower damage profiles (thicker layers) and smoother exfoliated
surfaces than implantation at –140°C.  In this study, the effect of implantation temperature
on InP was investigated.  Two implantation samples were investigated; one that was
implanted at room temperature and another where the target was cooled to nominally –20°C
to determine its effect on subsequent exfoliation.

2. Experiment

Three-inch Fe-doped semi-insulating (107 Ωcm) InP substrates were exposed to solvent
cleaning and then coated with 800 Å of SiN.  The SiN was then out-gassed at 500°C for
1 min in nitrogen before implantation.  Two sets of implantation runs were completed.  In
one case, the substrate was implanted at room temperature without any active cooling of
the substrate.  In the second case, the substrate was bonded to a Si carrier wafer with silver
paste to achieve efficient, uniform cooling to –20°C.  Implantation of H2

+ was performed at
150 keV.  Two doses were implanted for each set of runs: 2.5×1016 and 5.0×1016 H2

+/cm2.
The beam current for all of the implantations was kept at approximately 200 µA, producing
a power density of 30 W/cm2.  The strain profile induced by the implant and after
subsequent annealing was then investigated with a Bede D3 high-resolution X-ray
diffractometer in double-axis diffraction mode (DAD).  The defect structure of the
implanted region was imaged by cross-sectional transmission electron microscopy (XTEM)
after annealing.

Additional implanted pieces from each run were bonded to GaAs handle wafers to
investigate the exfoliated layers.  The GaAs handle wafers were coated with 800 Å of SiN
and outgassed at 500°C for 1 min in nitrogen.  The bonding was carried out in air at room
temperature using an oxygen plasma surface activation (200 mW, 200 mTorr) followed by
a DI water rinse and nitrogen dry.  The bond was strengthened by annealing for 3 h at
150°C, at which point the temperature was increased to 300°C to induce the exfoliation of
the InP layer.

3. Results

The double-axis X-ray ω/2θ scans for the doses of 2.5×1016 and 5.0×1016 H2
+/cm2 are

shown in Fig. 1.  Figure 1(a) shows both doses where the target was not cooled.  These
scans show a compressively strained layer, with some distribution of strain, to the left of
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the substrate peak, which is induced by the implantation.  In contrast, Fig. 1(b) shows the
DAD ω/2θ scans for equivalent doses where the InP substrate was cooled to –20°C.  In this
as-implanted case, the strain presents itself as a set of fringes to the left of the substrate
peak.  This curve can be computer simulated (Bede RADS Mercury) very accurately with
a modified Gaussian strain distribution.  The dose in the cooled sample has a 1:1
relationship with the maximum amount of strain detected by X-ray diffraction, 2.5×1016

H2
+/cm2 having a maximum strain of 1% and 5×1016 H2

+/cm2 having a maximum strain of
2%.  In the case of the uncooled implantation, the dose is actually inversely related to the
amount of strain, 2.5×1016 H2

+/cm2 having a maximum strain of 0.1% and 5×1016 H2
+/cm2

having a maximum strain of 0.02%.
Figures 2(a) and 2(b) show the strain profile of the implanted samples after various

annealing temperatures.  The samples were annealed at 150°C and 300°C for 1 h each.  The
samples implanted at –20°C and annealed at 300°C resembled the as-implanted profiles
that were not cooled during the implantation, indicating that the uncooled, implanted
samples exhibited significant heating during the implantation step.  In general, the strain
from the implant is reduced with annealing where higher annealing temperature accelerates
the strain relaxation.  However, the strain profile for the uncooled InP changes very little
with annealing, while the cooled InP exhibits significant strain relaxation; e.g., after 150°C
annealing the uncooled InP shows negligible strain relaxation whereas the cooled InP
relaxes from 2% to 0.9% strain.

The damaged structures of the InP implanted at room temperature and at –20°C are
shown in the XTEM images of Figs. 3(a) and 3(b), respectively.  It is evident that the
damage profile in the room-temperature sample, which consists of a high density of small
dislocation loops, is quite large and extends from the projected range of 700 nm to the
surface of the substrate.  In contrast, the defects of the cooled sample are well confined to

Fig. 1. 004 DAD X-ray θ/2θ scans of as-implanted InP for various doses: (a) implantation at room
temperature and (b) implantation at nominally –20°C.

(a) (b)
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Fig. 2. 004 DAD X-ray θ/2θ scans of implanted InP annealed at various temperatures: (a) implantation
at room temperature and (b) implantation at nominally –20°C.

Fig. 3. Cross-sectional TEM images of implanted InP annealed at 150°C for 1 h: (a) implantation at
room temperature and (b) implantation at –20°C.

(a) (b)

(b)

(a)
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a single layer at the projected range with a width of 150 nm (which is only slightly larger
than the predicted straggle of ~100 nm).

As-implanted samples with a dose of 5×1016 H2
+/cm2 of both the uncooled and cooled

implantation conditions were bonded to GaAs handle wafers and the layer transferred.  No
exfoliation occurred during the 150°C bond strengthening annealing step.  The cooled
sample produced exfoliation within a few seconds of increasing the temperature to 300°C,
while the uncooled sample did not exfoliate even after increasing the temperature to 500°C.
Figure 4(a) shows an atomic force microscopy image of the transferred InP layer from the
sample that was cooled during implantation.  The roughness of the as-split layer is ~80 nm.
The thickness of the layer is ~ 0.7 mm and, as can be observed in Fig. 4(b), the cleavage
occurred near the end of the damaged region that is imaged by cross-sectional TEM.

4. Discussion

As ions are implanted into the lattice, a defective region including interstitial hydrogen/
molecular hydrogen, self-interstitials, vacancies, and various hydrogen complexes is
formed at the projected range.  Some of these defects will introduce strain in the lattice
producing the strain profiles shown in the X-ray data.  A compressively strained layer was
previously observed after the implantation of a variety of semiconductor materials(9,10) and
has been interpreted as point-defect-induced tetragonal distortion.(10) For the cooled (–20°C)
specimen, this strain manifests into a Gaussian-like distribution which is expected from an
as-implanted ion distribution,(11) indicating that during implantation the ions are not
mobile.  Additionally, since the amount of strain and the dose show a 1:1 correlation for
cooled implantation conditions, it may be concluded that the level of strain is a good
indicator of the as-implanted ion concentration.(12,13)  As the implanted material is annealed,
diffusion and agglomeration of the point defects occur and relaxes the strain, as shown in
Fig. 2.

It is known that the implantation itself induces heating of the wafer so that if the
material is not actively cooled, the implantation is performed at a temperature higher than

Fig. 4. (a) AFM of transferred InP layer on GaAs substrate and (b) cross-sectional TEM image of
transferred InP layer.

(a) (b)
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room temperature.(14,15)  Therefore, it is expected that some of the defects anneal out during
the implantation.  In the case of the uncooled InP, it appears that the temperature of the
sample may have approached 300°C (as the strain profile is similar to that of the cooled
sample that was subsequently annealed at 300°C).  These temperatures are in agreement
with previous calculations of implantation-induced heating where for GaAs with a similar
power density the temperature was expected to reach 200°C.(15)  Additionally, for the
uncooled implant, the maximum as-implanted strain is inversely related to the dose.  If the
heating of the sample is proportional to the dose,(14) then for a higher dose more defects can
be annealed out during the implantation, causing a further reduction in strain.  These
implants exhibit less strain relaxation after subsequent annealing possibly because the
metastable state of the as-implanted structure has already been relieved by implantation-
induced heating.  The defect structure of the uncooled sample shows a high density of
secondary implantation defects, i.e., Frank dislocation loops.  These are known to form
from the diffusion and agglomeration of point defects(11) and are able to form simulta-
neously during implantation if the implantation is carried out at higher temperatures.(16)

Exfoliation occurs by the agglomeration of hydrogen into plateletlike defects, which
eventually coalesce to exfoliate the layer.  To form these defects the lattice must effectively
trap the hydrogen, which is thought to occur in a particular temperature regime.(6,7)  In the
uncooled InP specimen, the temperature reached well above the previously reported
temperature window.(6)  The failure to exfoliate the layer in this case can then be attributed
to the loss of hydrogen and the inability to form platelet-type defects at a localized depth.
Additionally, it has been reported that exfoliation is influenced by the depth of the
maximum damage;(8) therefore, since the damage in the uncooled InP is widely distributed,
the hydrogen may not be able to agglomerate within a sufficiently narrow thickness to
exfoliate the layer.  The relatively thin highly damaged region shown in the cooled,
implanted InP may be able to trap more effectively the hydrogen allowing greater coales-
cence of the hydrogen and the platelet defects.

While exfoliation in Si has been found to be quite robust, producing exfoliation for a
wide variety of implantation parameters,(8,17) this does not appear to be the case for III-V
materials. First, III-V materials exhibit inferior mechanical strength; therefore ion implan-
tation damage may play a critical role in the quality of these transferred layers.  Secondly,
III-V materials display a significantly lower thermal conductivity than Si (e.g., InP ~ 0.68
W/cm°C, and Si ~ 1.3 W/cm°C), which will ultimately lead to greater target heating during
implantation.  Because it has been found that the exfoliation of III-V materials lies within
a smaller implantation temperature range,(6) it is critical to control this parameter.  The
temperature experienced by the target will depend upon a variety of factors, including
beam power density, ion dose, thermal conductivity of the target, as well as how the wafer
is affixed during the implantation.(14,15)  Therefore, these factors must be optimized to
minimize any uncontrolled temperature excursions during the processing of III-V materi-
als and we have found that actively cooling InP substrates to –20°C during implantation is
sufficient to produce successful exfoliation.
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5. Conclusions

Since III-V materials exhibit a significantly lower thermal conductivity than Si, target
heating due to the implantation process is a critical concern.   In this study, InP implanted
without cooling did not produce exfoliation due to the loss of hydrogen and the inability to
form localized platelet-type defects during subsequent higher (150°C then 300°C) tem-
peratures.  Additionally, the damage profile in the InP implanted without cooling is quite
large and extends all the way to the surface of the substrate, while the defects of cooled (–20°C)
InP are confined to a single layer with a thickness of 150 nm at the projected range.  The
relatively thin highly damaged region shown in the low-temperature-implanted material is
speculated to trap more effectively the hydrogen allowing more efficient coalescence of the
hydrogen and the platelet defects.  We have achieved temperature control through sample
cooling; however, altering the implant parameters (dose rate, etc.) to maintain a low sample
temperature should also promote successful exfoliation during subsequent annealing.
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