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Crystalline-to-amorphous phase transformation in ion-irradiated GaAs
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The crystalline-to-amorphous phase transformation in GaAs irradiated with B, C, O, Si, Ar, or Ge ions has
been investigated by transmission electron microscopy and Rutherford backscattering with ion channeling. The
critical relationships between ion flux and substrate temperature which define the threshold conditions for
amorphization in GaAs by irradiation with various ions have been measured. The amorphous phase forms over
a wide range of irradiation conditions by a collapselike nucleation process when a critical free energy is
exceeded. The threshold conditions for nucleation are shown to be thermally activated, with a single activation
energy of 0.960.1 eV, independent of ion species, energy, or fluence. However, despite the independence of
the measured activation energy on ion species, the critical temperature for amorphization does not scale
linearly with the rate of energy deposition or displacement density, indicating that details of the collision
cascade which influence defect quenching, trapping, clustering and annihilation processes determine the path-
way to amorphization. We speculate that this results from the difficulty of nucleating the amorphous phase at
temperatures where defects are highly mobile, and that nucleation occurs locally at stable defect complexes
which are formed more readily in the dense collision cascades created by heavier ions.

DOI: 10.1103/PhysRevB.64.155202 PACS number~s!: 61.80.Jh, 61.72.Cc, 61.72.Vv, 61.72.Yx
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I. INTRODUCTION

The structural damage produced in crystalline se
conductors by ion irradiation at temperatures above 0 K is
affected by the flux of the irradiating ions, with the ove
all degree of damage typically increasing with i
creasing ion flux.1 Radiation damage will increase wit
increasing ion flux whenever residual defects from the co
sion cascade created by a single ion have not stabilized w
they encounter additional defects from a subsequent ion
pact, and the new defect~s! thus formed is~are! more stable
than the individual components. In GaAs, the overall deg
of structural damage, as measured by Rutherford backsca
ing ~RBS! with ion channeling, has been shown to ha
a power law dependence on N or Si ion flux at low dama
levels near room temperature.2,3 It is surprising how often
ion
flux is overlooked in the literature, with the majority of pub
lished reports neglecting to consider it as a relevant fac
Given the knowledge that damage in GaAs is typica
sensitive to both substrate temperature and ion flux,4 it
seems remarkable that the relationship between these
parameters has never been investigated.

Recently, we demonstrated the existence of criti
regimes in GaAs at elevated temperatures in which
residual ion damage isextremely sensitive to both ion
flux and substrate temperature,5 and that, at sufficiently high
temperatures, amorphization in GaAs becomes nuc
tion limited,6 creating amorphous layers at depths aw
from the depth of maximum energy deposition. In th
paper, we present measurements of the amorphization
etics of GaAs during irradiation with a variety of io
species. Specifically, we study the threshold conditio
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for amorphization in GaAs under.100 keV boron, carbon
oxygen, silicon, argon, and germanium irradiation at const
ion fluence.

II. EXPERIMENT

Pieces of single-crystal, semi-insulating~100! GaAs were
mounted onto a nickel target block with conducting silv
paste. The target block contained a resistive heater an
K-type thermocouple. To minimize errors in temperatu
measurement, consecutive implants were made into adja
regions on single pieces of GaAs, with at least a 2 mmspac-
ing between the closest edges of each irradiated area.
temperature of the wafer pieces was varied by adjusting
temperature of the entire sample block after each impla
always starting with the highest temperature. In addition,
position and order of the implants on the nickel sample blo
were varied. The relative accuracy of temperature meas
ment across a well-bonded wafer is estimated to be'62 °C
as obtained by the reproducibility of damage measurem
under conditions where sharp changes in damage with t
perature were obtained. Further details of the experime
configuration and procedures are given elsewhere.6

Samples were implanted with B, C, O, Si, Ar, or Ge io
at energies of 95 and 100 keV and ion fluxes ranging fr
531011 to 531013cm22 s21. The irradiations were per
formed at substrate temperatures from2196–1120 °C. Af-
ter implantation, samples were analyzed by RBS/channe
with 2 MeV He ions, backscattered into detectors at 100° a
.170° to the incident beam direction. Samples implanted
temperatures near or below room temperature were anal
immediately~&1 h!, or were stored in liquid nitrogen prio
to analysis to minimize post-implant annealing at room te
perature. Selected samples were analyzed by cross-sect
©2001 The American Physical Society02-1
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R. A. BROWN AND J. S. WILLIAMS PHYSICAL REVIEW B64 155202
transmission electron microscopy~XTEM! at 200 keV to de-
termine the damage microstructure. Sample preparation
XTEM was by mechanical polishing followed by Ar io
milling on a liquid nitrogen cooled stage.

III. RESULTS AND DISCUSSION

A. Defect accumulation and amorphization

The structural damage created by ion irradiation of Ga
at 77 K ~2196 °C! is essentially free from dynamic annea
ing effects during implantation. Figure 1~a! shows RBS
depth profiles of GaAs irradiated with 95 keV Si ions at.80
K to fluences from 2.231013cm22 to 8.631014cm22. The
‘‘random,’’ or nonaligned profile and the ‘‘virgin’’ profile
from unirradiated GaAs are shown as solid lines witho
symbols. The other profiles with symbols show the typi
accumulation of damage with increasing fluence, with an
tial increase in the dechanneling level at 2.231013cm22

~shaded squares!, the appearance of a direct scattering pe
at a depth of.50 nm at a fluence of 4.331013cm22 ~solid
circles!, and the increase in height and width of this pe
with increasing fluence until the RBS yield is coincident w
the random level from the surface down to a depth of.150
nm at 8.631014cm22 ~shaded inverted triangles!, suggesting
the formation of a thick amorphous layer. The ion flux w
9.631011cm22 s21, but varying the flux by a factor of 5 did
not change the damage level, supporting the assertion
dynamic annealing is negligible in GaAs at this temperatu

Figure 1~b! shows a similar evolution of damage for irra
diation at.77 K with 100 keV11B ions. For this light ion,

FIG. 1. RBS depth profiles from GaAs irradiated at.80 K with
~a! 95 keV Si and~b! 100 keV B ions. The Si fluences in~a! are 2.2,
4.3, 4.5, 6.7, 7.7, and 8.631013 cm22 and 2.2, 4.3, and 8.6
31014 cm22. The B fluences in~b! are 231014, 331014, 3.5
31014, 3.731014, 4.231014, 531014, 131015 cm22.
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the fluences shown are approximately one order of ma
tude greater than those for Si ions as shown in Fig. 1~a!,
ranging from 231014cm22 to 131015B cm22. Because the
rates of electronic and nuclear energy loss are consider
smaller for B ions than for Si ions, the damage appe
deeper into the crystal, producing a direct scattering pea
a depth of.150 nm for a fluence of 3.531014B cm22 ~solid
stars!. At a fluence of 131015B cm22 ~open circles!, the
RBS yield is coincident with the random level from the su
face down to a depth of.300 nm, again suggesting th
formation of a thick amorphous layer.

The accumulation of damage may be quantified by
tracting the direct scattering contribution from the measu
RBS yield. This is achieved by subtracting the dechanne
component, obtained by scaling the dechanneling cross
tion to match the dechanneling yield beyond the depth of
damage distribution.7 This gives a depth profile of the num
ber of ‘‘displaced atoms’’Nd as a function of depth. Figure 2
shows a plot of the integrated damage extracted from R
data as a function of ion fluence for implantation of.100
keV B, O, Si, and Ge ions at.80 K. Several features of the
plot may be noted. First, the ion fluence which produce
given amount of ‘‘damage,’’ measured by RBS, is, of cour
strongly dependent upon the ion species, with approxima
two and one half orders of magnitude between the ligh
and heaviest ions B and Ge. Secondly, thetotal ~i.e., inte-
grated! amount of damageincreaseswith decreasing atomic
numberz, due to the greater depth of the damage profile
lighter ions resulting from their lower rates of energy los
Finally, the rate of damage accumulation with ion fluence,
measured by the slope of the curves, is substantially gre
than unity~typically ' 4.4! for all ion species. This implies
that, even at low temperatures, the production of amorph
layers does not occur by a simple accumulation of am
phous zones produced by single ion impacts, but by so
cooperative process, involving the interaction of primary d
fects created by ion impacts with preexisting damage. XTE
investigations of the damage at ion fluences which prod
RBS yields below the random level8 ~not shown! show a
distribution of small defect clusters, with no evidence for t
amorphous phase. However, one must be careful when in
preting the data from samples implanted at low temperatu
since post-implant annealing of low level damage occ
within hours of warming GaAs to room temperature.8,9

FIG. 2. The areal density of displaced atoms in GaAs as a fu
tion of ion fluence for irradiation with 95 keV B, O, Si, and Ge ion
at .80 K.
2-2
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CRYSTALLINE-TO-AMORPHOUS PHASE . . . PHYSICAL REVIEW B 64 155202
At temperatures above.200 K ~273 °C!, defects in
GaAs become mobile10 and residual radiation damage w
be the result of defect production, trapping and annea
processes. XTEM examination11 of irradiated samples show
that radiation damage in GaAs first takes the form of isola
defect clusters, presumably by trapping mobile defects. W
increasing ion fluence, the size and density of these clus
also increases. At some critical defect density, these clus
may collapse to form the amorphous phase. Once nuclea
the amorphous regions grow rapidly to form a discontinuo
amorphous layer. A similar transition may be observed
constant ion fluence by changing the temperature of irra
tion. Dynamic annealing during irradiation increases with
creasing temperature through thermally activated defect
fusion, dissociation, and annihilation processes. Hence
irradiation conditions that lead to the formation of an am
phous layer at 30 °C only produce defect clusters at 80
However, essentially the same damage morphologies
seen in each case, irrespective of ion species, fluence,
and temperature within the parameter space investigated

It is instructive to observe the phase space of irradiat
parameters which defines the amorphization threshold.
ure 3 shows the integrated damage measured by RBS
function of substrate temperature for irradiation with 1
keV, 131015cm22 B, C, O, Si, Ar, and Ge ions at similar io
fluxes~see figure caption for actual values!. For each ion, the
damage level is essentially constant at low temperatu
then decreases with increasing temperature to a very
level ~essentially zero! over a narrow temperature range
;10 °C. In Fig. 3, only the transition region~region of sharp
decrease in damage! for each ion is shown for clarity. As in
Fig. 2, the damage at temperatures below the transition
creases with decreasing atomic number due to the increa
thickness of damaged crystal. The width of the transition a
increases with decreasing atomic number for the same
son: the large energy straggling of light ions means that
gions well away from the depth of maximum energy depo
tion also contribute to the damage profile. XTEM da8

indicates that the transition region corresponds to a trans
from an amorphous layer to small defect clusters. Thus,
3 demonstrates that the conditions for amorphization exis

FIG. 3. The areal density of displaced atoms in GaAs as a fu
tion of substrate temperature for irradiation of GaAs with
31015 cm22 of 95 keV B ~flux 2.231012 cm22 s21!, C ~flux 6.0
31012 cm22 s21!, O ~flux 4.831012 cm22 s21!, Si ~flux 4.8
31012 cm22 s21!, Ar ~flux 2.631012 cm22 s21!, and Ga~flux 6.0
31012 cm22 s21! ions.
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well-defined temperature regions, with heavier ions hav
higher temperature transitions, from.240 °C for boron, to
.95 °C for germanium ions. This can be understood qu
tatively; for example, heavier ions create more defects
ion, so that a higher temperature may be required to an
these defects. However, ions of larger atomic number
mass will also generate defects at a higher rate. Physic
the net damage rate is the result of competing defect prod
tion, trapping and annealing processes. The defect pro
tion rate is proportional to the ion flux in undamaged cryst
so flux is expected to be a key parameter in determining
residual damage.

B. Flux dependence

Figure 4~a! shows the fluence of 95 keV Si ions require
to amorphize GaAs as a function of temperature at a flux
2.431013cm22 s21. As the temperature increases, the am
phization fluence rises ever more sharply. It may be said
at sufficiently high temperatures, GaAs ‘‘cannot be am
phized.’’ What is meant by this statement is that the am
phization fluence becomes so large (*1016cm22), the con-
centration of implanted ions so high~*731020cm22, or .1
at. %!, that the irradiated region can no longer be said to
GaAs. As we have shown elsewhere,6 what actually occurs in
this regime is that the crystalline-to-amorphous phase tra
formation becomes nucleation limited. Under these con
tions, nucleation occurs either at the free surface, or at
trinsic dislocations punched out by excess interstitial ato

The solid line going through the data points in Fig. 4~a! is
a fit to the ubiquitous Morehead and Crowder model12 of

c-

FIG. 4. ~a! The ion fluence at which amorphization occurs as
function of substrate temperature for irradiation of GaAs with
keV Si ions at a flux of 2.431013 cm22 s21. ~b! As for ~a!, but for
four different ion fluxes, ranging from 6.031012 to 4.8
31013 cm22 s21 by factors of 2. The solid lines are fits to the More
head and Crowder model~Ref. 12!.
2-3
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R. A. BROWN AND J. S. WILLIAMS PHYSICAL REVIEW B64 155202
amorphous layer formation. This model describes a ‘‘hete
geneous’’ model whereby zones of GaAs amorphized
rectly by single ion impacts accumulate to form a continuo
amorphous layer. As others have found, the model is abl
fit our data rather well. The fit gives values for the radiusr
57 Å of the individual amorphous zones, the annealing
tivation energy for the shrinkage of the zonesEa50.33 eV,
and the temperature,T`578 °C at which the amorphizatio
fluence becomes infinite.

Figure 4~b! shows the same data for four values of i
flux, ranging from 6.031012 to 4.831013cm22 s21 by fac-
tors of 2. Again, the solid lines are fits to the Morehead a
Crowder model. Clearly, the ion flux has a dramatic effect
the amorphization of GaAs, with increasing ion flux increa
ing the temperature~or reducing the fluence! threshold for
amorphization. The calculated activation energy for am
phous core annealing more than doubles from 0.16 to 0
eV with an increase of ion flux by a factor of 2 from 1
31013 ~diamonds! to 2.431013cm22 s21 ~circles!. It is diffi-
cult to imagine that this annealing barrier should change
dramatically with such a relatively small increase in ion flu

The reason for the above behavior is presumably that
underlying assumptions of the Morehead and Crowder mo
are not applicable to the actual processes occurring du
irradiation. We have found8 that, under our irradiation con
ditions, amorphous layers are not formed in GaAs by
accumulation of isolated zones formed by single ions,
rather by a collapselike process at defect complexes.
though we can fit our data to this~and other5! models and
extract values for physical parameters, these values may
be meaningful if the model does not describe the real un
lying defect processes. Nevertheless, such models ca
useful for estimating the accumulation of ‘‘damage,’’ or th
irradiation conditions required for amorphization, if the
conditions are reproduced.

Because radiation damage is the result of competing
fect production, diffusion, trapping, and annealing proces
it is instructive to remove the fluence dependence and ex
ine the relationship between ion flux and substrate temp
ture, since the former determines the defect production r
and the latter determines the diffusion, trapping, and ann
ing rates. When the production and annealing rates
closely balanced, changes in flux and temperature will s
the balance and produce large changes in the resulting d
morphology.5 These changes can be studied in the hope
elucidating the underlying defect processes.

Figure 5 shows the normalized maximum yield of d
placed atoms extracted from BBS damage profiles as a f
tion of substrate temperature for irradiation of GaAs with
keV Si ions at ion fluxes of 4.831012 and 4.8
31013Si cm22 s21, differing by one order of magnitude. Th
data show an extremely narrow transition from 100
disorder to almost zero disorder over a temperature rang
only '6 °C. We denote the temperature of this transition
the ‘‘critical temperature,’’ or Tc , corresponding to the
threshold conditions for the crystalline to amorphous ph
transformation in GaAs. The effect of changing the ion fl
by one order of magnitude is to shift the critical temperat
by 27 °C.
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Figure 6 plots the critical temperatureTc defined above as
a function of ion flux for irradiation with 95 keV, 1
31015Si cm22, illustrating the strong flux effect on amor
phization in GaAs. We have also included in this figure o
data point~shaded square! derived from the work of Haynes
and Holland3 at a much lower flux~and a slightly lower
fluence of 631014cm22! than used in the present study. Th
solid line connecting the critical temperature points separa
regions of parameter space defining either conditions
amorphization or retained crystallinity. This flux data is e
tirely consistent with the temperature and fluence effe
shown earlier. Lowering the flux in a regime where dynam
annealing closely balances damage production lowers
damage production rate and can result in the dominanc
dynamic annealing and the suppression of amorphizat
The critical temperature rises sharply at low ion fluxes, fl
tening out at higher values. The form of this dependen
suggests a thermally activated process. Figure 7 shows a
of the maximum displacement flux density@i.e., the product
of ion flux with the maximum number of atomic displac
ments per ion per unit length calculated byTRIM ~Ref. 13!#

FIG. 5. The normalized maximum yield of displaced GaAs
oms as a function of substrate temperature for implantation of
keV Si to a fluence of 131015 Si cm22 at fluxes of 4.831012 and
4.831013 Si cm22 s21. The rapid decrease in residual damage d
fines a critical temperatureTc for amorphization, as confirmed b
XTEM ~Ref. 8!. The order of magnitude change in ion flux ha
produced a shift ofTc by 27 °C.

FIG. 6. The critical temperature for amorphizationTc as a func-
tion of ion flux for implantation of 95 keV Si to a fluence of 1
31015 cm22. The data point shown as a shaded square was der
from the paper of Haynes and Holland3 for a slightly lower fluence
of 631014 cm22. The solid line separates regions of parame
space defining either conditions for amorphization or retained c
tallinity.
2-4
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CRYSTALLINE-TO-AMORPHOUS PHASE . . . PHYSICAL REVIEW B 64 155202
for 95 keV Si ions~circles! as a function of inverse critica
temperature. The straight line fit to the data indicates a sin
activation energy with a value of 0.960.1 eV. The shaded
squares represent the amorphization threshold for irradia
with 1.5 MeV Si ions to the same ion fluence. The fact th
the two sets of data coincide demonstrates that the energ
the ions is only important in that the effective flux decrea
with increasing ion energy due to energy straggling. It a
suggests that beam heating did not appreciably raise
sample temperature for these elevated temperature impl
Similarly, an increase or decrease of the ion fluence by m
than a factor of two~not shown! has no apparent effect o
the measured activation energy.

Similar data was obtained for other ions. Figure 8 show
plot of the critical temperature for amorphization as a fun
tion of ion flux for irradiation with B, C, O, Si, and Ge ion
to the same ion fluence of 131015cm22. Each ion has a
significantly different range of values forTc , as we show
above in Fig. 3. The shaded band denotes the range of
peratures spanning 20 to 30 °C, which may be loosely
scribed as ‘‘room temperature.’’ The figure shows that
amorphization threshold may or may not be within th
range, depending on the irradiation conditions. For the fi
fluence of 131015cm22 shown here, only low ion fluxes
~e.g., &231012cm22 s21! of Si ions fall within this range,
whereas only high ion fluxes~e.g.,*1.531013cm22 s21! of

FIG. 7. Displacement rate~i.e., product of ion flux and displace
ments per ion per unit length fromTRIM! versus inverse critica
temperature. The data for both 95 keV and 1.5 MeV Si ions
described by a single activation energy of 0.960.1 eV.

FIG. 8. Critical temperatureTc as a function of ion flux for
irradiation of GaAs with B, C, O, Si, and Ge ions. The shaded b
denotes the range of temperatures spanning 20 to 30 °C, which
be loosely described as ‘‘room temperature.’’
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O ions qualify. Ions with atomic numbers smaller than 7 w
never lie within this range, and ions with atomic numbe
larger than.20 will probably never lie within this range, o
only at extremely low ion fluxes. Thus the figure indicat
that blanket statements such as ‘‘the damage in GaAs is
sensitive to irradiation conditions near room temperatu
only apply for certain ion species~e.g., from N to Ar! within
certain flux and fluence ranges.

Figure 9 shows a plot of the displacement flux density
a function of inverse critical temperature for several ion
Remarkably, the data for each ion is well described by
straight line with the same slope of 0.960.1 eV. This sug-
gests that the amorphization threshold may be determine
a single, thermally activated process with this activation
ergy. Note, however, that unlike the data for 95 keV and
MeV Si ions, the data do not lie on a single line, but displ
a range of critical temperatures, even when producing
fects at the same rate, according toTRIM calculations. This
suggests that it is not only the raw defect generation rate
determines the critical temperature, but also the density
the collision cascade, as one might expect. Intriguingly,
data does appear to scale8 with the product of the ion flux
and the fourth power of theTRIM displacement rate, which
might be expected to apply if fourth order defects~e.g., in-
teracting divacancies! controlled the amorphization proces
However, without further supporting evidence, we restr
ourselves to this observation. We speculate that the path
to amorphization involves the formation of defect complex
which eventually transform locally to the amorphous pha
at some critical defect density. Heavier ions may produ
these intermediate defect complexes more readily in de
collision cascades. Nevertheless, the single activation en
value suggests that the modifications to this defect struc
which lead to the nucleation threshold for the amorpho
phase are still limited by a single defect diffusion, trappin
and/or annihilation process.

IV. CONCLUSION

The crystalline-to-amorphous phase transformation
ion-irradiated GaAs has been investigated by XTEM a
RBS with ion channeling. The amorphous phase nuclea

s

d
ay

FIG. 9. Displacement flux density as a function of inverse cr
cal temperature for irradiation of GaAs with 131015 cm22 B, C, O,
Si, and Ge ions. The lines connecting the data points for each
cies all correspond to the same activation energy of 0.9 eV.
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locally by a collapselike process at defect complexes whe
critical free energy is exceeded to produce discontinu
amorphous layers. The same microstructures of dama
GaAs have been observed for a range of ion species
temperatures from260–120 °C. The critical relationship
between ion flux and substrate temperature which define
threshold conditions for amorphization in GaAs, by irrad
tion with various ions at constant fluence, have been m
sured. The threshold conditions for nucleation are shown
be thermally activated, with a single activation energy
0.960.1 eV, apparently independent of ion species, ene
or fluence. However, the conditions for nucleation lead t
sensitivity to implant conditions in species-dependent te
perature ranges. For ion fluences of;1015cm22 at typical
ion fluxes, the residual damage may be extremely sens
to implant conditions near room temperature for Si io
However, this is not generally true for other ion species:
damage created by significantly lighter~e.g., z,7! or
.

ia
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heavier~e.g.,z.20! ions at typical ion fluences is only sen
sitive to implant conditions at temperatures well below
above room temperature, respectively. Despite the indep
dence of the measured activation energy on ion species
critical temperature for amorphization does not scale linea
with the rate of energy deposition or displacement dens
indicating that details of the collision cascade which infl
ence defect quenching, trapping, clustering and annihila
processes determine the pathway to amorphization.
speculate that this results from the difficulty of nucleating
stabilizing the amorphous phase in this material at temp
tures where defects are highly mobile, and that nuclea
occurs locally at stable defect complexes which are form
more readily in the dense collision cascades created
heavier ions. However, we are not yet able to identify t
specific defect limiting process which characterises am
phization and leads to the measured 0.960.1 eV activa-
tion energy.
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