


Introducti-o.n

. Among AY BY compounds the galliun arsenide is the material in which the proéesses of
radiation damage formation and .axmealing during the ion implantation ha\.;e the ésse'ntial influence on
the structure of the implanted layer [i, 2]. In whole for' A" BY compounds the mflvence of
implamaﬁdn_'pa.rameters on the structure of implanted layer is essentially more than for elementary
. semiconducmr's. This difference is connected with the corplication of physical processes taking place
in irradiating binary semiconductors. It is necessary to fake into zccount that the conditions for
‘tranrs‘fo_rmationr-and. ann=ealing duﬁ.ng the implantation of primary radiation damage are less hard in
ibnfgcvaient A" -BY crystals as cbmpared"with covaleit St {3]. In resuit' at, Lﬁe same dose the
vaﬁaﬁon of other‘implantation parameters (energy of implanting ious, beam current density and so
on) teads to formation of implanted layers which differ by the types, concentration and location of
damdge. It is known that the nature of damage in irradiated erystals defines-peculianities and degree
of the structure restoration during the pustimplautatioﬁ thermai treatment. More over the effect, of
high dosé ohserving for GeaAs {4, 5]'is r_noré ‘complicated than one for elementary semiconduc'to"rs.
So, it is ﬁecessary to analyse in detail the dependence of the processes of defects formation and
amorphization i GaAs on the parameterS of impiantation for explanation of the disordér evolution
and the ﬁnai properties of implanted layer. -

" In the present paper the processes of structure dis;arden'ng.in GaAs implanted by 100 keV Ar”
and P* ions with different beam current densities have been mvestigated -by the methods of Raman
spectroscopy (RS), of He” ions channelling and transmission electron microscopy (TEM). Tt was
shown in [6,7] that, the process of crystals disordering carried the nonmonotonous, oscillating
character with dose especially for binary semiconductors. Sd the main 2im of the work is the
definition of beam current densify and dose intervals of noomonotonous changés of the structure

. perfection.

l}.xperimeat
Single-crystal, <100> - ortented GaAs with resisri\;rity'p‘ > 10 Obmeem was used as the
starting material. 'ﬁlc samples were implanted with 100 keV Pf“ and Ar* fons in the dose range from
6:[012 to 5'*10!6 cmlz.. The implantation of P jons was carried out at current densities j of 0,1 and
. | uA/em®. The current densities for Ar* implantatioﬂ were 1 and 2,5 pAjer®. The samples for cach
series were prepared from the same plate. The implantationrwas carried out using UNIMAS
unplanted under the t.arget thenmal insulating conditions [8]. Raman spectra were obtained in

backscattered geometry with U-1000 (Jobin-Yvon) spectrometer under Ai-laser excitation

(t': 514,5nm). The samples were analysed with 1.5 MeV He' Rutherford backscattering (RBS) in -

o
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combination with the channelling, The backscattered particles were detected at a scattering angle of

{70". RBS spectra were obtained using a high Voltage 2 MeV accelerator. Selected samples of P
implanted GaAs were analysed with TEM in plan-view technique.

Using of RS allows to observe simultanconsly the sharp intensive peak of orystalline phase
and the diffusive band of amorphous phase that gives the possibility to investigate the dynamics of
phase transitions in the subsurface layer. The depth distribution of damage and the kinetics of
structure transformation in the volume of implanted layer can be studied with the RBS channelling

technique. The TEM data give information about the nature of damage in the implanted layer.
Resulis and Discussion

The RS spectra of initial sample of GaAs and samples implanted with different dose of Ar'

ions at current density j = 1 pAJ’cm2 are presented in Fig la. In spectra of implanted samples the

increasing of dose leads te decreasing of
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Figure 1. RS specira (A=514,5 nm) obtained from bands in the range of {150-200) cm' and (200-
GaAs samples implanted with 100 keV Ar’ fons at

e . ! 300) em' wihich correspond to amorphous
current densities: a-1 pAfem”; b-2,5 pAjem”.

GaAs. ForD -1 uA/cm2 the LO-phonon peak
is still displayed in RS spectrum on the background of (200-300) cra’ band. The further increasing of
dose leads to disappearauce of the crystalline GaAs peaks from RS spectra. The entircly different
picture is observed for the samples implanted with Ar” ions at j - 2,5 ;;JJ‘-\J’::J:I12 (Fig.1b).
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Dose {em™} v, of LO-phonon peak | v, of TO-phonon peak Tredleo T, of LO-phonon peak
[em™] [cm™ {em'}
E =100 keV, j = 1 pAfem®
6107 201 267 020 6.9
150108 289 - 267 o031 9.7
3eg0l? 287 266 0,52 124
B D i : 287 268 0,82 18,1
310M-6+10° . - - -
E =100 keV, j =2,5 pAlem®
210" 283 - - 22,1
410" 289 266 0,52 11,1
1s10™ 288 267 1,00 15,2
310M . - - -
6=10M - - - -
S0 L - - - - -
3*10" 288 267 1,33 - 13,9
a+10" - - - -
Initial sample
- ] C o293 266 0,05 5.6

Table 1. Spectral characteristics of GaAs samples implanted with Ar ions.

For D = 2+10" cm” the RS spectrum is characterised by "amorphous” bands at 150-200 ¢m’’
and 200-300 ‘cm™. The LO-phonon peak exists as a faint maximum at 283 em’', The further
increasing of dose leads to nonmonotonous changes in RS spectra.. The LO- and TO-phonon peaks
of crystalline GaAs are observed for samples implanted ‘with doses 44102, 110" and 3410 om™
Spectra of samples implanted with doses 3+10™, 6+10™, 1-10" and 6+10" e are characterised by
"smorphous” bands at (£50-200) cm™ and {200-300) cm™, ‘

The satae chariges in RS spectra of GaAs implanted with Ar” ions in the dose range
610" < 1,2¢10"° em™ was observed in [6]. Oscillating character of the structure perfection changes
taken place in the dose range 1+10™ - 1,2¢10" cm™ when the energy of hﬁp]aﬁtin gions E = 150 keV,
Unfortunately the absence in [6] of information about tﬁe current density makes diﬁicﬁlt the detail
comparison 6f the obtained results. -

' Figure 2a shows the dose dependence of the frequency locatton v, and the width on the half
of maximum height T of the LO-phonon peak of crystalline GaAs for the Ar' implantation at j= 1

and 2,5 uAfcmz. It follows from figure that for §= 1 uA/cm2 the value of T, increases monotonously

with dose. The maximm value of I, equated to 18,1 cm’™' being obtained at D = 110" ¢in®,
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Figure 2. The dose dependence of the frequency
location and the width ou the half of waximum height
of the LO-phonon peak; a - for Ar’ implanted samples
at j = pAfem® (dashed lines) and at j = 2,5pAicm”
(solid Tines); b - for P* implanted samples at
= 0,1pAjem? (dashed lines) and at j = IpAsem” (solid
Tines).
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Figure 3. RS spectra (1 = 514,5 mn) obtained from
GaAs implanted with 100 keV P° jons at current
densities: a - j = 0.1 pA/em’: b wj= 1 uAom’,

The wvalue of v, decreases with
dose till 287 em™ (D - 1+10"" em™). The
further mcreasing of dose leads 1w
disappearance of LO-phonon peak in RS
spectra, For j = 2,8 ;u-Ucm: the value of
I". changes nonmonotonously with dose. It
foliows from fig. 2a that the dependence
of v, from dose has two minima at D of
4+10"* and 3+10"em™.

The observing decreasing of v,
could be connected with increasing ot the
average microerystallites size (model of
phonons spatial- correlation [9]) and/or
with the jon-induced annealing of radiation
damage {5]. The changes of v, correlate
with the changes of v..

RS spectra of GaAs hnplamed
with P” ions are adduced in Fig. 3 and the
corresponding spectral characteristics are
presented in Tab. 2. Forj = 0.} uAJcm:
(Fig. 3a} the inensity of LO-phonon peak
decreases with dose and its maximum
displaces. to the side of low frequencies as
for case of Ar" tons implantation at
i=1 }lAfCl]ll. The broad bands of
amorphous GaAs appears at (150-200)
and  {200-300) T at dose  of
1,5210" om™ Their intensily  mcreases
with dose and at D = $+10™ cm” the
samples are _cl;aracicrised only by
amorphous bands. For } | uA:cm:
(Fig. 3b) the nonmonotonously character
of the RS spectra transformation with
dose is observed. The amorphous bands

appear i spectra already  at



dose of 6+10" ecm™. The further increasing of dose leads to nonmonotonous changes in RS spectra.
The LO- and TO-phonon peaks of crystalline GaAs are observed for samples implanted with doses
30107, 1-10", 6+10", 1+10™, and 3+10"em”. Spectra of samples implanted with doses 1,5+10%,
3+107, and 6+10"" cm™ are characterised by amorphous bands at (150-200) cm™* and (200-300) cm™.

Dose [cm™] v of LO-phonon peak { v. of TO-phonon peak hoflue I"; of LO-phonon peak
{em™) fem™] {cm™]
E = 100 keV, j = 0, I pA/om® _
6*10" 293 265 0,25 6.9
1,5+10" ) 291 268 0,35 97
3+10"? 289 - - 12,5
1#10™ 287 - - 15,3
5+10"-5+10" - - - -
E =100 keV, j = 1 pAfem?
610" 289 260 0,27 9,7
1,5410% 287 - - 16,7
3e10" ' 289 267 0,51 12,5
110" _ 89 268 0,68 139
330" 287 - ' - 167
6+10" 287 269 1,24 18,1
1+10™ : 286 278 0.96 13,9
3e1o" 283 266 0,62 11,8
610 - - - -
Initial sample .
- —I 293 266 0,05 5.6

Table 2. Spectral characteristics of GaAs samples implanted with P* fons.

Figure 2b shows the dose dependence of the frequency location v, and the width oo the half
of maximum height I'; of the LO-phonon peak of crystalline GaAs for the P* ion implantation at
j=0land pAfem?. it follows from the figure that for j=01 |.1Afcm2 the value of I'. increases
monotonously with dose. The maximum value of T, equated to 15, 3 cm’ being cbtained at
D = 1:10" cm™ The further increasing of dose leads to disappearance of LO-phonon peak in RS
spectra. Forj=1 uA;’cm2 the changes of T, and v, with dose have an oséillatiug character. It follows
from Fig. 2b that the dependence of from dose has two maxima at D of 1,5410" and 6+10" cm™. The

same nonmonotonous changes are observed for v..

—

The dose dependence of spectral characteristics for P implanted GaAs at j = 1 uAchm2 is

similar to one for the Ar" implantation at j = 2,5 p,Afcmz. But the value of I'; and the changes of I,
and v, for P* implantation are smaller that one for Ar” implantation. The comparison of T, and v,
changes shows that P implaniation in the scif - anmealing regimes is characterised by lower
disordering of the irradiated layer.

. - The RBS spectra for Ar* implanted
400 200 ¢ depth [nm]

Y T ™1 random GaAs at j = 1 uAlcmz are presented in
2. 6¥107 . ; .
1,75 1-1* 10* Fig. 4a. For the low dose¢s the disorder
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distinct damage peak appears on the depth
2.’_ mndo; of ~ 50 nm that corresponds to estimated
§:§:1$:* value of Ryp (routine TRIMS8). The
4-1% 10" forther increasing of dose leads to damage
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increasing and formation of the extended

amorphous layer at D = 1+10" cm ™.
b The RBS data for P' implantation
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monotongus increasing of disorder degree
with dose. The amorphous layer forms at
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the thickness of the amorphous layers
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Figure 4. RBS/channcliing spectra of He' ions with j = 1 pA/om® (Fig. 4c) the disorder degree’
E=1,5 MeV from GaAs samples implanted with: a -
Ar’ ions at}"lp.Alcm b- P ions at j=pAfem’; ¢ - P*
ions at j=1 uAjcm

increase tight up to dose of 6410 cm™.
But the furthier increasing of dose leads to
_ considerable damage anneahng The RBS
data for D = 3= 1015 om? indicate almost, complete restoration of crystalline structure in the ~ 80 nm
thick surface layer. The increasing of yield of the backscattering ions from the depth > R,
(R, -~ 84 nm) witnesses about the formation of secondary extended defects in region between R, and
2R,
' For more detailed analysis of the sﬁﬁctﬁre—phésé transformations observing -n GaAs
implanted with P" ions at j = 1 uAfc;in1 the TEM investigations in plan-view technique have carried
out. From the RS data follow that the first crystal-amorphous state-crystal phase transition takes

place in the dose interval of 6+10'% - 3+10" cm®. For doses of 6+10'* and 3+10"* cm™ the samples can.
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be characterised as the crystéls with defects. But the TEM shows the presence on the surface of thin
amorphous layer for the sample implanted with dose of 1,5+10" cm™, Obtained results are in a good
agreement with the RS data.

The second dose interval of phase transition is between 1:10'° and 6+10' em™. For
D = 1-10" cmr? the diffraction pattera (Fig. Sa) shows the presence on the surface of amorphous
layer with thickness less than 60 nm. The sample implanted with dose of 3« 10™ e is characterised
by the disordered crystalline structure with the dislocation loops (Fig. 5b). The dewsity of dislocation

loops is in interval from 10" to 10'% em ™,

Figure $. Plan-view image (left) and diffraction Figure 6. Plan-view image (left) _and diﬂ'ractifm
pattern {right) of GaAs samples implanted with pattem (right) of GaAs samples implanted with
P’ ions: a - D= 1=:10%ct™; b <D = 3+10%em’, P ions at D = 6+10"cm™; a - amerphous
' . Tegion; b - polycrystalline regmn ¢ - crystal

with microtwins.

It follows from the TEM ciata that the. damaged layer of the sample implanted with dose of
610" c;n‘z .has the most complicated structure and consists of several regions with the different
disorder degree. In the plan-view technique scanming of the analysing electron beam along the
wedgelike edge of the hole which being formed in the investigated sample by the chemical etching
allows to obtain the diffraction patterns from the layers of different thickness. In this way one can
observe the structure of the damaged layer. The obtained diffraction patterns fix  the presence of the
sufficiently thick amofphous layer (Fig. 6a), the polycrystalline phase (Fig. 6b) and microtwins
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oriented in <111> - direction (Fig. Gc). The plan-view technique does not allow to value the depth
distribution of defects. So, it is necessary the additional TEM investigation in cross-section technique
to obtain the information about thickness and location of the regions with the different disorder
degree.

The discrepancy between RS and TEM data for the samples implanted with D = 6+10% ¢m™
is comnected with the decreasing of depth of RS-testing layer under its amorphization. Depth of
RS-testing layer d is deterinined by the absorption coefficient of substance. At A = 514.5 nm d is
equal to 110 and 30 nm for crystaline and amorphous GaAs. accordingly [6]. Therefore. the
presence of amorphous layer in the surface region leads to decreasing of testing depth d to 30 nm. In
the first dose interval of the phase transition the processes of structure transformation take place in
the thin surface layer testing with RS. In the second dose interval the surface .amorphous layer
prevents to analyse the phase transition processes occurring at the more deep region of implanting

layer.
Summary and Conclusions

The dependence of fon-beam-induced crystallisation and amorphization of GaAs on dose rate
and type of implanting jous has been investigated with Rutherford backscattering, Raman
spectroscopy and transmission electron microscopy techniques. The resuits can be sunumarised by the
following conclusions:

I. At the low ion beam cﬁrrent, density the disorder degree increases monotonously with dose right.
up to formation of the extended amorphous layer. The further increasing of dose leads o

expansion of amorphous layer away from the surface,

Il

. If the ion beam current density is more than some critical value the dose dependence of the
disorder degree has nonmounotonous character, We observed two cycles of the amorplious state -
crystal - amorphous state transitions im dose interval from 6+10' to 6+10" cm™ Tie first phase
transition takes place in interval of 6:10'" - 3+10" om™ Comparison of data obtained witih
different methods of analysis shows that the phase transformationis occur only in thin surface layer
(~ 30 nm-thickness). The further increasing of dese leads to formation of damage peak at depth
~ Ryn. The second phasc transition oceurs in dose interval of 5+10™ - 6<10"" ecm™. Tie RBS, RS
and TEM data show the presence in samples implanted with dose of 6+10" and 410" cin™® of the
exténded amorphous layer. At dose of 3+10" om? the almost complete restoration of the surface
layer to depth ~ Rp occurs. But the layer with high concentration of dislocation loops being
formed region between R, and 2R, Finally, at the largest investigated dose of 6-10" cm™ the
samples have the most, complicated structure. TEM shows the presence in implanted layer of

several regions with the different disorder degree.
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3. Value of the critical in beam current, density depends on the type of implanting ions. The critical
current density for elements of group V {P*) is considerable [ess than for noble gases {Ar").

4, The second phase transition can be explained on the base of modei of the lon-induced annealing.
At the critical current density because of target heating by the ion beam the conditions when the
rate of defect complexes formation is equal to the rate of their dynamic annealing can be realised.
If the beam current density is more than critical value target healing leads to the prevalence of the
annealing processes. But nature of the first phase transition and the dependence of the critical ion
beam current density on the type of implanting ions is not clear. So, further studies are necessary

to understand these ion-irradiation effects in GaAs.
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