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Research has been conducted on growth and evaluation of high quality
! Ga;z\\s layer using Liquid Phase Epitaxy (LPE) and on MeV ionj/implantation

processings of Molecular Beam Epitaxy (MBE)-grown GalnAs layers on GaAs
and LPE-grown GaAs layers on GaAs. By a novel growth method, i.e.,
isoelectronic doping of LPE GaAs layers with Indium, high structual and
electrical quality layers were successfully grown. In the as-grown
Indium-doped LPE GaAs layers, the etch pit density, rocking curve FWHM, and
the ideality factor of a Schottky diode hayg, ‘10 Bigyggt stigniﬁcantly, showing an
optimal In doping density of 2.4 x 1017@?[; r'ﬂI'he effects of MeV ion
bombardment in a strained but partially relaxed (GalnAs epitaxial layers on
GaAs were systematically investigated. Depending on the state of initial

relaxation, film thickness, and incident ion beam current, the lattice strain
changed differently with the increasing ion beam dose. _Ina 1 MeV Si
ion-implanted and 850 °C rapid thermal annealed GaA4 layer on an*- or S.I.-
GaAs substrate, we have measured the depth profiles of Hall mobility, carrier
concentration, Schottky I-V-T behavior, and the deep level density. For the
Au-Schottky diode made on the near-surface layer, conventional mechanisms
dominated the current transport : recombination and diffusion currents under

forward bias and generation current unde,;.féverse bias. Deep traps were not

detected in the near-surface diode. For the Au-Schottky diodes made onthe  for \
front and back shoulder of the damage peak in the depth profile curve, the fg&' g
Lod 0

current transport mechanisms changed to : tunneling current under reverse

bias and an increased recombination current and the diffusion current under A NP

forward bias. Dominant traps were electron traps at E. - 0.726 eV and 4 x Anj
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1015 cm-3. A room temperature 1 MeV oxygen ion-implantation at a dose of 1
x 1013 cm™2 produced a buried amorphous layers in InP near the end of range
and a large number of recombination centers in the near-surface region of the
GalnAsP epilayer as studied by a cross-section and high resolution electron

microscopy and photoluminescene technique. X-ray rocking curve analysis

showed a more uniform and less negative perpendicular mismatch in the

surface of the GalnAsP layer.




I. Technical Summary

C.R. Wie
Department of Electrical and Computer Engineering,
State University of New York at Buffalo.

J. F. Chen, Research Assistant, Ph. D. completed in April 1989.
K. Xie, Research Assistant, Ph. D. expected in 1991.

1. LPE growth of In-doped GaAs and Characterization (reprint attached) :

With an objective of obtaining a high-quality starting material for the
MeV ion-implatation study, we doped GaAs with Indium in a concentration
ranging from 1x 1019 to 1 x 1020 cm3. Liquid Phase Epitaxy techniques was
used for the isoelectronic-doping and layer growth. For a 9 um thick LPE GaAs
doped with In, the surface morphology, rocking curve FWHM, and etch pit
density improved with increasing In concentration in the range of 9 x 1018 10
2.4 x 101%m™3. Above a 5 x 1019 cm™3 of In concentration, the structural
quality of the epilayer and the eletrical property (leakage current of a Schottky
diode) deteriorated. At the optimum indium concentration of 2.4 x 10!? cm3, a
mirror-like surface morphology with no macroscopic terraces, about 0.003 deg
FWHM for the rocking curve broadening, and a factor of 20 reduction in the
etch pit density were achieved, which are a significant improvement over the
undoped plain GaAs. At the optimum In concentration, the ideality factor in
current-voltage characteristics of a Schottky diode was 1.04 over more than
seven decades of current. The leakage current was also reduced substantially,

and the overall I-V characteristics approached an ideal Schottky diode behavior




predicted by a thermionic emission and thermionic-field emission theory. The
electrical behavior indicates a substantial reduction in background defect and

electron trap densities.

2. MeV ion damage effect in the strained GalnAs epitaxial layer on GaAs (001)

substrates (reprints attached) :

Various Ga,_ In, As/GaAs (001) single-layer samples were bomb :rded
with 2 MeV He, 9 MeV P, or 15 MeV Cl ions and were characterized by the
x-ray rocking curve technique and by the Raman technique. The composition
was x = 0.07 - 0.15 and thickness was h = 0.1 - 1.0 um. For a thin layer ( 0.1 -
0.15 pm) which had an in-plane lattice mismatch of less than 0.01 % (i.e., nearly
pseudomorphic), the ion bombardment, up to 1016 jons/cm? with the above
ions, did not induce any further increase in the in-plane mismatch. However,
the perpendicular mismatch decreased initially with beam dose at a low dose
range and then increased at higher doses. The initial decrease of perpendicular
mismatch was consistent with the increase in LO phonon frequency, both of
which indicating a decreasing indium concentration in the GalnAs layer. At
higher doses than a dose corresponding to 1 - 5 x 1017 KeV/cm3 in damage
energy deposition, the perpendicular mismatch increases and the phonon

frequency decreases with increasing beam dose, which are expected in an

ion-damaged III-V compound. At still higher doses, higher than a dose
corresponding to 3 x 1019 KeV/cm3 or 3 x 1020 KeV/cm? (depending on the ion
beam current) in the damage energy deposition, the perpendicular mismatch
drops precipitously by as much as 0.2 % in mismatch. However, there is no

measurable change (i.e., less than 0.01%) in the in-plane mismatch. For the




well-relaxed GalnAs layers with a thickness of 1jim, there is no such
precipitous strain decrease, and the lattice strain and phonon frequency behave

very similarly to the bulk GaAs samples under ion bombardment.

3. Elecrical Characteristics of 1 - 1.5 MeV Si ion-implanted GaAs (reprint
attached):

The electrical characteristics such as Hall mobility, carrier concentration,
current transport mechanism, and deep electron traps, were measured after
850 °C RTA annealing. The depth dependence of these electrical properties

were correlated with the ion-damage profile in the as-implanted samples.

Three diodes were made : one on the near-surface layer where the
damage was predominantly point defects and complexes, one on the front
shoulder of the damage peak, and one on the rear shoulder of the damage peak
where the damage was the heavily disordered regions. The reverse I-V-T data
clearly showed the current transport mechanism associated with the residual
damage. The near-surface layer showed a predominant generation current,
while the near-damage-peak layer showed a predominant tunneling current
assisted by deep traps. The deep levels measured on the same diodes showed
no measurable deep traps for the near-surface diode, and electron trap at E. -
0.726 eV at 4 x 1015 cm™3 and hole trap at E,, + 0.806 eV at 1 x 1013 cm™3 for
the near-damage-peak diodes. This work was performed to study the electrical
effect of the residual defects after annealing. This clearly showed a need for
further systematic research to establish the annealing condition for the

optimum electrical performance of the ion-implanted GaAs.




The van der Pauw Hall measurement of the electron concentration and
mobility in a 1.5 MeV Si implanted and 850 °C RTA annealed GaAs showed the
following result. The electron concentration showed a depth-distribution which
is expected from the range distribution of the Si dopents. However, the Hall
mobility showed a broad minimum over the entire front shoulder of the carrier
concentration peak. This again indicates a deteriated electrical performance of
the material due to the not-yet-recovered extended defects in the heavily
damaged region. This work produced the first data on the depth profiles of Hall
mobility, current transport mechanism, and deep levels, in such MeV

ion-implanted and annealed GaAs epitaxial layers.
4. 1 MeV Oxygen-implanted GaInAsP/InP (reprint attached) :

LPE-grown samples of Gag ;gIng goAsg 3gP ¢2/InP (001) were implanted

with 1 MeV Oxygen ions at a dose of 105 cm™2. The as-implanted samples
were characterized with Rutherford backscattering, photoluminescence, x-ray
rocking curve, and high resolution and cross-section transmission electron
microscopy. The 0.85 um thick GalnAsP layer showed a strong luminescence
peak at 1050 nm, corresponding to a bandgap of 1.181 eV. After
bombardment, the peak completely disappeared, indicating that a large number
of recombination centers were created. X-ray rocking curve showed a
non-uniform lattice spacing in GalnAsP layer. After bombardment, the lattice

spacing became more uniform. High resolution electron microscopy showed a
buried amorphous layer near the end of ion range ( .. 1.5 pm) within the

substrate InP. The buried amorphous layer thickness was about 0.45 um with

crystalline InP on both sides.
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X-ray and Raman studies of MeV ion-bombarded GalnAs/GaAs
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ABSTRA

We have measured elastic strains and longitudinal optical (LO) phonon shifts
in MeV ion-bombarded single layzrs of (Galn)As on GaAs(001). We have used
He, P, and Cl ions, all in the MeV range, to bombard the samples and find that
the elastic strains initially decrease with dose and the LO phonon frequency
initially increases with dose. At higher doses, the strain increases and phonon
frequency decreases, as expected for damaged GaAs crystals. For layers with
negligible lattice relaxation (i.e., with an in-plane mismatch less than 0.01%), a
precipitous perpendicular strain release occurs at a high damage-energy
deposition level. The in-plane mismatch for these samples, however, never
changed over the same dose range. For 1 um thick, well-relaxed layers, the
beam-induced strain and phonon shift behave similarly to those in

ion-damaged bulk GaAs crystals.
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1. Introduction

Lattice mismatched strained heterojunction (Galn)As/GaAs structures are
drawing a considerable attention because of their applications in high speed
devices [1-3], and there is fundamental interest with respect to the stability of
such strained structures [4,5]. In processing such structures, ion implantation is
an important step; however, it introduces damage and additional strains. Myers
and coworkers [6] have carried out extensive characterization of keV
ion-implanted strained-layer-superlattice (SLS) structures. MeV ions also have
potential applications in processing devices with structures involving the
strained layers. The MeV ion implantation introduces far less damage in the
device-important surface layers than the low energy (keV range) ion
implantions. Also, MeV energies drive the implanted dopants much deeper.
The dominant defect species produced in the surface layers by MeV ion
implantation are high density point defects and their clusters {7] as opposed to
the disordered and amorphous regions which are produced by the keV ion
implantations. Therefore, it is interesting to investigate the effects of MeV ion
bombardment on strained epitaxial layer structures. We have studied the

responses of strained epitaxial layers to the MeV ion-induced damages using
the double crystal rocking curve (XRC, CuKa, radiation) and Raman
(wavelength=514.5 nm) techniques [10]. The results are presented in this

paper.

2. Experimentals
Ga,_,In,As single layers were grown, by molecular beam epitaxy, on

semi-insulating GaAs(001) substrates held at approximately 550 °C, on which a

0.5 um thick GaAs buffer layer was first grown. The as-grown samples were




characterized by the XRC and Raman techniques before they were bombarded
with various MeV ions. In Table 1, we list the sample (by number and by an
alphabetical symbol for a plotting purpose) and then the x-value and thickness,

h, are given. The last column lists the various ions and energies used in the
subsequent bombardment. The indium content in the epilayer obtained by the
XRC analysis, x(XRC), is listed in the fourth column and tends to be smaller than
the nominal content, x, for most samples. There has been considerable
discussion of the critical thickness of strained epitaxial films. The critical
thickness, h_, calculated under equilibrium conditions (8] is listed in Table 1 and
in parenthesis we list the values calculated with an energy balance model [9].

Note the large difference between the values, and that our samples have

thicknesses of the same order of magnitude as those calculated with the energy
balance model. Those samples with a measured in-plane mismatch, €, of less

than 0.01% are regarded as pseudomorphic in this paper, and these measured
values are listed in the sixth column of Table 1.

The MeV ion irradiation was performed at room temperature with doses
ranging from 5x10!2 to 5x10%5 ions/cm?. The particle beam current was about
0.8-1 pA for 2 MeV He beam, 10 nA for 15 MeV Cl beam, and 2.5-10 pA for 9
MeV P beam. The rather high beam current for the 9 MeV P beam caused a
significant beam-heating effect. The estimated beam-induced temperature rise
was about 300 °C [10]. The estimated projected range [11] in GaAs is about 6.3
um for 2 MeV He, 4.0 um for 9 MeV P, and 5.3 um for 15 MeV Cl beam. Itis
assumed that the MeV ion damage and induced strain are uniform in depth for

the epitaxial layers with thicknesses up to 1 um [15].

3. Results and discussion

X-ray rocking curves measure the lattice spacings of the epitaxial film




relative to the undamaged part of the substrate, in direction normal to the
surface and in the two in-plane directions. From the lattice spacings, the elastic
strains can be calculated under the assumption that a biaxial stress exists in the
film [16]. We write the elastic strain (in the [001] direction perpendicular to the
planar face) in an ion-damaged strained epitaxial layer as

£,,(x,D) = €,,(x,0) + Ae (D) (1)
where the first term on the right hand side is due to misfit in the as-grown
undamaged layer and the second term is the beam-induced change. For the
three psuedomorphic samples (i.e., samples with the in-plane mismatch of less
than 0.01%), in Fig.1 we plot the strain in the damaged strained epitaxial layer
as a function of damage energy deposition (which equals the beam dose times
the nuclear stopping power). Since, at the ion energies used in the present
study, the nuclear stopping power is approximately constant over about 1 um
depth from the surface, we assume a uniform nuclear stopping power within
the epitaxial layer and use its value at the surface, which can be found from the
stopping power table [11] at the incident ion energy, in calculation of the
damage energy deposition. At a low dose range, the elastic strain decreases
with increasing beam dose until a damage-energy deposition of 5x10!6 ~ 5x1017
keV/cm?3 is reached. Above this value of demage energy deposition, the elastic
strain increases with increasing dose, as Figure 1 shows. The 9 MeV P and 15
MeV Cl ion-bombarded samples show a precipitous strain release at a damage
energy deposition of around 3x10!° and 3x1020 keV/cm3, respectively. The
rough values of critical damage-energy deposition are indicated by vertical
arrows in Fig.1. The maximum beam dose, 5x10'3 ions/cm?, for 2 MeV He ion
(data symbol = "g") was not high enough to exceed this critical damage energy
deposition. The factor 10 higher damage-energy deposition for the P ion beam

than the Cl ion beam, to cause the precipitous strain release, is probably due to




the beam heating of the P beam induced by a high beam current. A precipitous
stress release phenomenon was observed by Myers and coworkers [6] in an
ion-implanted (Galn)As/GaAs SLS samples. Their electron microscopy studies
revealed that the stress release was accompanied by a formation of a dense
dislocation network at the (Galn)As - GaAs interface. However, from our
measurements, the in-plane mismatch for the initially pseudomorphic samples

did not increase beyond the XRC detectability limit (0.01%) at all beam doses.

We express, approximately, the total LO phonon frequency in an ion-damaged

strained crystal as

Q(x,e,D)= wy(x)+ Aw(e)+ Aw(D) 2)
where the first term in the right hand side is a bulk-equivalent frequency for
undamaged crystal [12], second term is the Raman shift induced by the strain
due to the lattice mismatch and ion-damage (see eq. (1)), and the third term is
the beam-induced shift minus the beam-induced strain contribution. The
strain-induced Raman shift is calculated from the measured elastic strain in the
ion-bombarded sample by [13, 17] |

Aa(e)=[pe, +q(g,, +e,)]/2m, 3)
where p and q are the deformation constants and &,,, €, and ¢,, are the elastic
strains in [100], [010] and [001] directions, respectively. The LO frequency,
wy(x), is obtained by subtracting the strain contribution from the Raman data in
the as-grown samples [12]. This frequency is a function of the layer
composition, and is listed in Table 1.

From the frequency Q measured for the damaged crystal, we subtract the
composition-dependent frequency wy(x) and the strain contribution Aw(e) so that

we may have the frequency induced by lattice disorder only. In Fig.2, we plot




the damage-induced shift, Aw(D), as a function of damage-energy deposition.
The data symbols and the ion beams all correspond to the saraples given in
Table 1. The dashed horizontal line represents the phonon frequency of the
undamaged as-grown samples. The data points above zero at lower doses,
although they are above zero by a small amount, systematically indicate an
increase of Raman frequency from the unbombarded-sample values. At higher
doses, the frequency decreases as expected for the ion-damaged GaAs crystals
[14]. The damage-energy deposition, at the transition from negative to positive
frequency shift, is roughly 4x10!8 keV/cm3 for the 2 MeV He and 15 MeV Cl
beam, and 4x10!? keV/cm?3 for the 9 MeV P beam (positions are indicated by
arrows in the figure). The order of magnitude higher damage energy deposition
level for the 9 MeV P beam is consistent with the higher damage-energy
deposition level at the precipitous strain release seen in Fig.1, and already
discussed. The large energy flux of the P ion beam, which probably increased
the target temperature significantly, seems to cause a delayed damage-effect
both in the precipitous strain release (see Fig.1) and in the Raman frequency
decrease (see Fig.2).

In order to compare with the responses of the strained and unrelaxed
samples, we bombarded some samples with well-relaxed epitaxial layers. In
Figures 3 and 4, the damage-induced elastic strain and Raman shifts are shown

as a function of 15 MeV Cl ion dose for 1 um thick Ga,  In As layers with
x=0.07 and 0.15 (samples 2 and 3 in Table 1). The initial lattice-relaxation in
these films was such that the in-plane mismatch was 0.76¢; for x=0.07 film and
0.86¢; for the x=0.15 film, where & is the misfit between the cubic unit cell
(hence completely relaxed) for the layer and the cubic unit cell for the

substrate. In these well-relaxed layers, the beam-induced elastic strain, A¢, (D),




which is shown in Fig.3 and the damage-induced phonon shifts, Aw(D), which is
shown in Fig.4, behave similarly to those observed in a bulk GaAs(001) crystal
bombarded with 15 MeV Cl ions [7,14]. The bulk GaAs data are shown by a
solid line in Fig. 3 for the elastic strain and by the data symbol "B" in Fig.4 for
the Raman shift. In both figures, the horizontal line represents data for
as-grown layers before bombardment. Atlow doses, a negative shift of elastic

strain and a positive shift of Raman frequency are consistently observed.

4. Summary
We have presented data on the elastic strains and LO phonon shifts in MeV

ion-damaged strained Ga,_ In, As layers of various thickness on GaAs. In

layers with no observable in-plane mismatch (less than 0.01%), a precipitous
strain release phenomenon is observed at a damage-energy deposition of abbut
3x10!9 keV/cm3. A negative Raman frequency shift is observed at a higher
damage-energy deposition than about 4x10!8 keV/cm3. For a very high beam
current (the 9 MeV P beam), the corresponding damage-energy deposition
levels (for similar effects) were higher by roughly an order of magnitude.
Well-relaxed layers show beam-induced shifts in strain and in Raman
frequency which are similar to those observed in ion-damaged bulk GaAs
crystals.

The SUNY-Buffalo portion of the work was supported by the Office of Naval
Research under the contract number N00014-87-K-0799. C.R. Wie thanks his
graduate students H.M. Kim and K. Xie for carrying out the rocking curve

measurements.
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Table 1 Characteristics of the as-grown Ga, ., In,As layers are given.
Listed below are the sample numbers, nominal composition (x),
nominal thickness (h), composition estimated from the x-ray data
(%(XRC)), critical thickness (o), in-plane x-ray strain (e%%), misfit
(€r), perpendicular elastic strain (€z2), measured LO frequency (LO),
bulk-equivalent LO frequency ,), and the ion beam used.
Sample X h(nm) x(XRC) he(nm)  €§(%) €X%) €z (%) LO(cnil) W lcnm!) Ion beam
387(g) 0.10 150 0095 15(298) <001 067 063 2913 289.1 2MeVHe
389(h) 0.10 250 0093 16(313) 0.32 066 032 2900 2889 2MeVHe
509(a) 0.12 110 0.102 14(251) <0.01 074 067 2922 2898 9MeVP
s20(b) 0.12 140 0.089 17(346) 0.02 064 056 2919 2899 9MeVP
519(c) 0.12 170 0089 17(343) 003,005 064 055 2913 2894 9MeVP
S08(d) 0.12 200 0088 17(357) 007,009 064 050 2916 28908 9MeVP
510(e) 0.12 250 0.102 14(256) 021,026 0.73 0.44 290.6 289.0 9 MeV P
1 007 100 0084 18(396) <001 060 055 2918 .2899 15MeVCl
2 0.07 1000 0.071 22(597) 039 051 0.10 2899 2896 15 MeV C1
3 0145 1000 0.107 13(224) 0.66 077 010 2883 2880 15MeVCl




FIGURE CAPTION

Fig. 1 The perpendicular elastic strain, €_, of the damaged epitaxial layer

is plotted for the three pseudomorphic films, as a function of the
damage-energy deposition. The data symbols are listed in the first column of
Table 1. The two vertical arrows indicate the rough positions of the precipitous

perpendicular strain release.

Fig.2 The damage-induced LO phonon frequency shift is obtained by
subtracting the bulk-equivalent frequency of an undamaged film and the
strain-induced shift from the total measured frequency (see eq. 2). Aw(D) is
plotted here. The two vertical arrows indicate approximate positions of

transition from positive to negative shift.

Fig.3 The beam-induced perpendicular elastic strain is obtained from the
total measured perpendicular elastic strain!? by subtracting the perpendicular
elastic strain in an unbombarded as-grown sample. Ae_ (D) is plotted here (see
eq. 1). Data are given for the two 1 um thick, well-relaxed samples, "2" and "3"
in Table 1. The solid curve is for a bulk GaAs(001) crystal bombarded w1th the
same ion (taken from ref. 7). This figure shows that, under the ion

bombardment, the 1 um thick, well-relaxed layers behave similarly to the bulk
GaAs(001) crystal.

Fig. 4 For the 1 um thick, well-relaxed (Galn)As films, the
damage-induced LO phonon shift, Aw(D), is plotted as a function of the
bombarding ion beam dose. The data point "B" indicates the LO shift in a bulk
GaAs(001) crystal under the same ion bombardment (taken from ref.11).
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Mev Si Ion-Implanted GaAs : Electrical Characteristics of

Residual Damage

K.Xie and C.R.Wie

State University of New York at Buffalo,

Department of Electrical and Computer Engineering, Bonner Hall
Amherst, New York 14260

ABSTRACT

Structural and electrical characteristics of the MeV Si ion-
implanted GaAs samples have been studied. The annealing behavior
of strain and damage depth profiles is investigated using the x-
ray rocking curve technique and the dynamical x-ray diffraction
theory analysis. Photoreflectance spectra taken after rapid
thermal annealing at 900% for 30s indicate the existence of many
residual defects. The carrier concentration profile and mobility
profile were obtained by van der Pauw Hall measurement and a
successive chemical etching technique. Schottky diodes were
formed at different depth along the ion path in the rapid thermal
annealed sample. The I-V-T measurements show that different
current transport processes dominate the reverse leakage current
for diodes made at different depths. An electron trap was
measured at E, - 0.72 eV and 7E+15/cm3 in the region of maximum

damage.
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I.INTRODUCTION

Ion implantation is an important technique in GaAs device
fabrication. High energy ( MeV ) ion implantation has attracted
much interest recently([l1-3). The fabrications of several GaAs
device structures , such as slow wave device, mixer diode and
voltage variable phase shifter, have been realized using direct
MeV Si or S ion implantation(3-5]. Deep buried insulation layer
and ion induced compositional mixing created by the MeV ion
implantation have been successfully applied in the device
fabrication[6]. The development of this technique requires better
understanding of the problems, associated with high energy
implantation, _such as annealing process, damage recovery
behavior, carrier profile, structure and distribution of resiual
defects and correlation between residual defects and electrical
properties. Some work on the annealing of damage and structure of
defects in MeV ion-implanted III-V compounds has been
reported(7,8,9]. It has been found that high density residual
defects are mainly in the dislocation form. However, the effect
of residual defects on the electrical properties has not been
extensively studied. In this paper, we report the study of
structural and electrical charateristics of MeV Si ion-implanted
and annealed GaAs. For the 1.0 MeV or 1.5 MeV Si ion-implanted
GaAs, the annealing behavior of a strain depth profile is
presented. Correlation between residual defects and electrical
properties has been made using differential Hall measurement,
current-voltage measurement at various temperatures, and deep
level transient spectroscopy (DLTS) measurement. The data

demonstrate the effects of residual defects on mobility profile,
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reverse leakage current, and deep levels.

II.EXPERIMENTAL PROCEDURES

Samples used in this study were the semi-insulating Cr-doped
GaAS(100) wafers and liquid-phase-epitaxy (LPE) grown epitaxial
GaAs layers on semi-insulating or n+ GaAs sqbstrates. The n-type
epilayers had carrier concentration of 5E$l$/cm3 or less, which
was unintentionally doped, and a thickness of 3 um. The growth
condition for different LPE samples was idéntical.

The semi-insulating wafers were implanted with Si ions at 1
MeV to various doses ranging from lE+12/cm2 to 3E+15/cm2.
Implantations in the LPE~-grown epitaxial layers for the
electrical study were performed at 1.0 MeV on a conducting
substrate and at 1.5 MeV on a semi-insulating substrate. all
implantations were carried out at room temperature and the
samples were tilted to avoid channeling effects. The samples
grown by LPE were annealed by rapid thermal annealing (RTA) at
900% for 30s with Si;N, encapsulation. The samples exhibit no
degradation of surface morphology after annealing.

X-ray rocking curves were taken from the as-implanted semi-
insulating GaAs wafers using FeKa, radiation. Isochronal
annealing was performed at a temperature ranging from 100% to
500% for 15 min at each 100% step under the forming gas flow.
The rocking curves were taken after each annealing step. The
strain and damage depth profiles were obtained by simulating
rocking curves using the dynamical x-ray diffraction theory[10].

The carrier concentration profile and mobility profile were

obtained from the van der Pauw Hall measurements after a

successive chemical etching with a 5K Gauss magnetic field. The




sample for Hall mearsurements had a size of 0.7 * 0.7 cmz, and
the Omhic contacts were made by thermally evaporating Au-Ge and
Ni through a metal mask and alloying in forming gas at 450% for
5 min. The sample was etched in a etchant of H,0, ¢ H3S0, : H0
in volume ratio of 2 : 2 : 100 with an etching rate of 700 + 70
A/min. The contacts were protected by a ﬁhotoresist during the
chemical etching. The thickness of the layers removed was

measured by a surface profiler.

In order to investigate the effect of residual defects on
the current-voltage and deep level characteristics, the implanted
epitaxial layer on an n+ substrate was etched to various depth.
The surface of each step was located in the near surface region,
or in the front shoulder (-0.75 um from surface ) or in the back
shoulder (=-1.15 uam from the surface) of the peak carrier
concentration. Several Schottky diodes were made on each step
with Au with an area of 0.785 mm?. The current-voltage and DLTS
measurements were conducted on all the diodes at each step to

ensure the accuracy of results.

III.RESULTS AND DISCUSSIONS
Fig.la shows the x-ray rocking curves for a symmetric (400)

reflection from the 1 MeV Si ion-implanted GaAs (100). The peak

located at zero angle is the substrate peak and the other peak(s)
appearing at a negative angle are from the implanted region. From
the analysis of experimental rocking curves using the dynamical
x-ray diffraction theory, the strain depth profiles were obtained
which are shown in Fig.lb. The maximum strain at the highest

dose ( 3E+15/cm2) is 0.43%, consistent with the saturation level




in ion-implanted GaAs[l11]). The depth profile of ¢total atomic
displacment from the TRIM simulation, shown in Fig.2, shows a
similar shape of curve and peak position. The Annealing behavior
of strain depth profile for the sample implanted to a dose of
3E+15/cm2 is shown in Fig.3, which was pbtained from analysing
each rocking curve taken after each anﬂéaling step. A total
recovery of surface strain is found after annealing at 773 K.
There is a small fraction of strain left in the region of maximum
damage. X-ray rocking curves taken frbdm the sample after rapid
thermal annealing at 900% for 30s shows a complete recovery of
strain. It is found that the recovery rate of strain is higher
at a temperature around 500 K and around 700 K. It was noted by
various authors that the vancancy recovery stage in GaAs is
around 500 K[12] and the recovery stage of isolated antisite
defects occurs over the range 700 K - 750 K[13]. It was also
observed that a large, rapid reduction of defects in the near
surface region takes place after annealing at 673 K(7]. The
result of our measurement is in good agreement with those

reports.

Photoreflectance measurement is sensitive to the crystal
quality of the sample(l4]. Fig.4 shows the photoreflectance
spectra (PR) from an as-grown LPE sample and from the region
close to the maximum damage in an 1.5 MeV Si ion-implanted
sample which was annealed by RTA at 900% for 30 s. The signal
from the as-grown sample shows a clear Franz-Keldysh (FK)
oscillation. For the annealed sample, the PR signal is weak and

FK oscillation smears out. This is attributed to the residual




damage in the implanted layer. X-ray rocking curve measurements
of these samples show a higher value of full width at half
maximum (FWHM) for the implanted, annealed sample than for the
as-grown smple, indicating that the quality of implanted layer is
still not totaly recovered after the anneal. Recently, there
were a few transmission electron microscopy studies of MeV ion
implanted GaAs([5,7,8]. The residual damage is found to exist in
the region of maximum damage after annealing at 900% by the RTA
technique. X-ray rocking curve and PR measurements on our samples
all clearly indicate the existance of residual damage in the

samples.

The depth distribution of carrier concentration and mobility
are shown in Fig.5. The implanted ion profile calculated from the
TRIM simulation is also shown in Fig.5. The peak position of
carrier concentration profile compares well with the maximum
peak position of calculated profile. There is a broadening in the
back shoulder of the experimental profile. The channeling
mechanism and thermal diffusion are likely to be the cause for
this broadening. There is a decrease of mobility near the region
where maximum nuclear stopping power is located. The mobility
slightly increases in the tail region of the carrier
concentration profile. The broad minimum in the mobility profile
appears to be caused by the unannealed residual defect in that
region. The sheet carrier concentration in that region was
measured as a function of temperature. The result shows a small
temperature dependence and seems to be affected by the presence
of compensating centers. This phenomenon was reported on the

insufficiently annealed samples(15,16].
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Fig. 6 and 7 show the current-voltage characteristics of the
Schottky diodes at different depth. One diode (diode 1) is at
the near surface region, and two diodes (diodes 2 and 3) on the
front and rear shoulders of the carrier concentration peak,
respectively. In the forward bias case, . diode 2 and 3 have a
higher value of the ideality factor (n = 1.41 for diode 2 and n =
1.32 for diode 3) compared to the diode 1 which has the ideality
factor close to 1 (n = 1.05) at the current range of 1079 to 10'5
A. In the reverse bias case, diode 1 shows a low leakage current
and 1little voltage dependence. Diodes 2 and 3 show a rapid
increase of leakage current. It indicates that a strong field
dependent mechanism dominate the leakage current transport of
diodes 2 and 3. 1In order to understand the current transport
mechanism, measurements were made for the temperature dependence
of current-voltage characteristic. Fig. 8 is a plot of the
reverse leakage current as a function of temperature for diode 1.
There 1is a strong temperature dependence for diode 1 and 1little
temperature dependence for diodes 2 and 3. The product of reverse
current and capacitance for diode 1 is independent of reverse
bias. It is clear that the generation current dominats the
leakage current for diode 1. The generation-recombination center
is at 0.42 eV below the conduction band edge as obtained from the
slope of Fig.8. The voltage and temperature dependence of the
reverse leakage current for diodes 2 and 3 indicate that neither
thermionic emission nor generation is the principal
mechanism[17]. Considering the presence of high concentration

residual defects in these diodes, a trap-assisted tunneling model




seems to explain the leakage current of diode 2 and 3(18,19].
The model gives the following relationship between the current
and applied reverse bias.
1n(I,) oc A*N#v3/2 /(v +vy) /2

where Ny is the total number of traps in the depletion region and
Vy, represents the energy barrier for the electron to tunnel
through. A plot of log(I,) versus (Vr+Vd)'1/2 is shown in Fig.9
and clearly exhibits a 1linear dependence for both diodes.
Therefore, the unannealed residual defects play a role in the

current transport, by acting as a tunnel assisting center.

The DLTS measurements of these diodes were performed using
Bio Rad DL4600. Various reverse biases were used during the
measurements to ensure the accuracy of results(20]. Fig. 10
illustrates the DLTS spectra of the diodes 1, 2 and 3. There is
no detectable electron traps in diode 1. The result of diode 1
was similar to our as-grown LPE samples with the same order of
carrier concentration. The peak of the spectra of diode 2 and 3
coresponds to an electron trap with energy at Ec - 0.72 eV. The
electron trap concentration in diode 2 is as high as 7E+15/cm3
while it is more than an order of magnitude less in diode 3. We
believe that this electron trap is caused by the residual defects
in the heavily damaged region. Both current-voltage and DLTS
measurements show the effcts of the residual defects in diodes 2

and 3 with the diode 2 exhibiting more effects.

IV.CONCLUSION

In summary, we have presented the structural and electrical

-.‘




characteristics of 1.0 and 1.5 MeV Si ion-implanted GaAs. The
annealing behavior of strain depth profiles were presented and
they exhibit two annealing stages which are believed to be
related to the recovery stage of vacancy at 500K and the recovery
stage of antisite defects at 700K. Photoreflectance and rocking
curve broadening reveal the existance of residual damage in the
annealed samples. The carrier concentration profile from the
differential Hall measurements was compared with the calculated
range profile from the TRIM calculation and show a broadening of
the rear-shoulder profile of the concentration peak in the
experimental data. The residual defects seem to cause a broad
minimum in the mobility profile. The residual defect is related
to the high reverse leakage current of diodes through a trap-
assisted tunneling mechanism. The DLTS measurements show a high
concentration of electron traps in the large residual defect
region. This 1is a clear indication of the role of residual
defects in creating deep level. More systematic work are needed
to minimize the effect of residual defects in the current
transport, deep level and overall device performance. The search
for the optimum annealing process to reduce the residual defect

is an important future study.
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Figure Captions
Fig.1.

a. X-ray rocking curves of 1 MeV Si ion-implanted GaAs(100).
The peak at zero angle is the substrate peak. The peak(s) from
the implanted region appear at the negative angle. b. The Strain
depth profiles obtained from simulating the rocking curves using
dynamical x-ray diffraction theory. The strain increase with the

increase of ion dose.

Fig. 2.
The TRIM simulation of the depth profiles of total atomic
displacments in GaAs implanted with 1 MeV Si. Compare this depth

profile to the strain profiles in Fig.l

Fig. 3.
The depth profiles of strain after each annealing stap in 1
MeV Si ion-implanted GaAs (100). The dose is 3E+15/cm2. The

strain in the surface region recovers after a 773 K annealing.

Fig. 4.
Photoreflectance spectra at 300 K for an as-grown LPE sample
and an 1.5 MeV Si ion-implanted LPE-grown sample annealed by RTA

at 900% for 30s.




Fig. 5.

Profiles of the carrier concentration and mobility for 1.5
MeV Si ion-implanted GaAs grown by LPE. The dose 1is SE+13/cm2.
The implanted ion profile calculated from TRIM simulation is also
shown.It is noted that there is a broadening in the rear shoulder

of carrier concentration profile.

Fig. 6.

Forward I-V characteristics for diodes 1, 2 and 3 on the
sample of 1 MeV Si ion-implanted LPE-grown GaAs annealed by RTA
at 900% for 30s. The diode 1 is at the near surface region and
diodes 2 and 3 are located in the front and rear shoulders of the

carrier concentration profile.

Fig. 7.

Reverse I-V characteristics for diodes 1, 2 and 3.

Fig. 8.

Temperature dependence of the reverse leakage current for the
diode 1. The reverse current is at 1 V bias. The generation
center is at -0.42 eV below conduction band edge as obtained from

the slop of the plot.

Fig. 9.
Reverse current vs inverse of the electric field for diodes
1, 2 and 3. A linear relationship between the reverse current and

the inverse of the electric field is observed.
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Fig. 10.
DLTS spectra of the 1 MeV Si ion-implanted GaAs samples

annealed by RTA at 900% for 30s. A electron trap is measured at
Ec,-0.72 eV. a. diode 2 with the trap concentration at 7E+15/cm3,
b. diode 3 with the trap concentration at 4E+l4/cm3 , c. diode 1

with no detectable traps.
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Effects of MeV ion bombardment and :hermal annealing
on Ga,_In As/GaAs

Chu R. Wie, State University of New York at Buffalo, Dept. of Electrical and
Computer Engineering, 201 Bonner Hall, Amherst, New York 14260

ABSTRACT

We have measured the lattice constants of the deformed unit cells of
Ga,_In As single layers on GaAs(001) substrates after bombardment with

various MeV ions and/or after thermal annealing. The x-ray rocking curve data
indicate a substantial loss of indium from the (Galn)As layer as a result of MeV
ion bombardment or thermal annealing. This observation demonstartes the
necessity of a proper protective cap layer against the indium out-diffusion
during the treatments. For the (Galn)As layers with an initial in-plane mismatch
of less than 0.01%, a high level damage-energy deposition from the MeV ion
bombardment leads to a precipitous decrease of the perpendicular lattice
constant, where as there is no change in the in-plane lattice constant. For these
films, the in-plane mismatch does not chang e under the MeV ion bombardment
or a thermal annealing up to 500°C. We also report the behavior of in-plane
mismatch for various relaxed-layers under ion bombardment or thermal

annealing.

*  This work was supported in part by the Office of Naval Research under
the contract number N00014-87-K-0799. 8 i
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1. Introduction

MeV ions are drawing an increasing attention as an extension of the ion
implantation technology [1]. Important parameters in the implantation
technology are the range distribution of the implanted dopants and the
distribution, characteristics and anneal behavior of the implantation-induced
damage [2]. For MeV ions, these parameters are yet to be studied for a more
reliable processing technology. Also, since the epitaxially grown homojunction
or heterojunction layers are essential components of most III-V semiconductor
devices, it is interesting to study the damage characteristics produced in these

epitaxial layers by the MeV ion implantation [3].

2. Experimental

The Ga,_In As layers used in this study were grown by molecular beam

epitaxy on GaAs(001) substrates held at 550 °C. We list, in Table 1, the sample
number, x-value, layer thickness (h), in-plane mismatch (or parallel x-ray
strain) of the as-grown samples, and the ion beams used for the bombardments.
One sample ("g" in Table 1) was used only for heat treatment. Throughout this
paper, we use the sample number as the data symbol in the figures. The beam
currents and the mean ion depths are 0.8 - 1.0 A and 6.3 um for 2 MeV He,
2.5 -10 A and 4.0 um for 9 MeV P, and about 10 nA and 5.3 pm for 15 MeV
Cl beam. The relatively high beam current of the P beam, induced a significant
sample heating during the ion bombardment (corresponding to about 300 °C).
After bombardment, the samples were analyzed by the x-ray rocking curve
technique which measured the parallel and perpendicular lattice constants of a
(Galn)As film relative to a GaAs(001) substrate. The lattice constant
measurements provide information on the lattice mismatch at the interface and

on the composition change in the epi-layer caused by the treatment. Elastic
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strains can be obtained using the x-ray strains, and they are reported in ref.4
for the samples studied here. For some samples, the Raman technique was
used to measure the beam-induced shift of LO phonon frequency, and we
present the Raman data for a comparative study with the rocking curve data.
Thermal annealing was performed on some as-grown layers and some
ion-bombarded samples, and these samples were analyzed using the same

techniques.

3. Effects of MeV ion bombardment

3.1 The in-plane mismatch

The relative lattice constant difference in the plane of interface is the
parallel x-ray strain (or in-plane mismatch), which is presented in Fig.1 for the
layers with an initial mismatch greater than 0.01 %. The x-ray rocking curve
technique is capable of measuring the in-plane mismatch, reproduceably, if it is
greater than 0.01%. Films with an in-plane mismatch less than 0.01 % are
treated as pseudomorphic films in this paper. For the pseudomorphic films ("1",

"a", and "g" in Table 1), the in-plane mismatch did not increase after the ion

bombardment, staying constant at 0% + 0.01%.

For films with an in-plane mismatch greater than 0.01%, we show, in Fig. 1,
the behavior of the in-plane mismatch as a function of the bombarding beam
dose. The data points in an open circle are the pre-bombardment values. For
the 2 MeV He bombarded sample, "h", the in-plane mismatch varied by about
0.06% over the dose range. For the 9 MeV P bombarded sample which had an

initial in-plane mismatch of 0.02%, "b", the in-plane mismatch varied by less




* than 0.02% over the dose range. For laye;s, "c" and "d", with an initial in-plane
mismatch of 0.04% and 0.08%, respectively, the in-plane mismatch varied
somewhat randomly between 0.01% and 0.07% over the dose range 5x10!3 -
5x1015 cm™? of the 9 MeV P beam. A layer with an initial mismatch of 0.24%,
"e", relaxed substantially further upon the P ion bombardment to an in-plane
mismatch of 0.44% + 0.03% after the ion bombardment. This was a sample
which showed a clear beam-induced relaxation phenomenon. The two 1 um
thick layers, "2" and "3", bombarded with 15 MeV Cl ions showed a significant
variation in mismatch over the beam dose range 5x10'% - 2.5x10' cm™. The
one with a lower x-value (x=0.07) decre 1sed and the one with a higher x-value

(x=0.15%) increased in the in-plane mismatch with the beam dose.

We could find no systematic trend in the in-plane mismatch with the MeV
ion bombardments. However, the in-plane mismatch, for the (Galn)As films
with initial values less than 0.01%, did not increase after the ion bombardments

with the He, P, or Cl beam.
3.2 The perpendicular lattice constant

In Fig. 2 and Fig.3(a), we show the behavior of the perpendicular x-ray
strain with an ion bombardment. In Fig.2, we plot the perpendicular x-ray
strain as a function of the damage-energy deposition. The three samples shown
here are the pseudomorphic films, "1", "a", and "g" in Table 1. It is seen, in Fig.2,
that the perpendicular lattice constant of a pseudomorphic (Galn)As film
initially decreases with the ion bombardment, reaching a minimum at a
damage-energy deposition of 10!7 - 10'8 keV/cm?. Since the parallel x-ray

strain for these films did not increase, remaining within 0.01%, the decrease in




the perpendicular lattice constant relates to a decrease in the unit cell volume,
which, in turn, implies loss of indium from the (Galn)As layer. A Raman
measurement showed a small increase in the LO phonon frequency [4] over a
similar range of damage-energy deposition over which the perpendicular x-ray
strain decreases, which, according to the LO phonon frequency versus
composition curve in ref. 5, implies a decrease in the indium content of the

(Galn)As layer.

At higher levels of damage-energy deposition, the perpendicular lattice
constant increases with the MeV ion bombardment, due to an increasing
damage level. The indium loss may still occur; however, the radiation damage
dominates the lattice constant change in this l;igh level of damage-energy
deposition. At an even higher beam dose, the perpendicular lattice constant
decreases precipitously at a damage-energy deposition of ~ 3x10!° keV/cm3 for
the 15 MeV Cl beam and ~ 3x10%° keV/cm3 for the 9 MeV P beam. The slower
response to the radiation damage of the P ion-bombarded sample is ascribed to
a beam-induced heating effect (~ 300 °C). A precipitous stress release
phenomenon was also observed by Myers and coworkers in an ion-implanted
(Galn)As/GaAs strained layer superlattice [6]. Their electron microscopy study
revealed a formation of dense network of interface dislocations accompanying
the precipitous stress release. However, our observations show no increase in
the parallel lattice constant of the (GaIn)As film at the precipitous strain

release.

In Fig.3, we show the perpendicular x-ray strain and the LO phonon
frequency shift from an unbombarded value for the 1 pm thick, well-relaxed

layers, "2" and "3". The solid curve in Fig.3(A) is the perpendicular x-ray strain




data (taken from ref. 7), and the datum point "B" in Fig.3(B) is the phonon
frequency shift for a buik GaAs(001) crystal bombarded by the same ions
(taken from ref. 8). Both figures indicate that the 1 um thick films behave
similarly to a bulk GaAs(001) crystal under the MeV ion bombardment. The
rather highly scattered data points for the perpendicular x-ray strain, shown in
Fig. 3(A), gave much less scattered data for the elastic strain which was
obtained by considering the parallel x-ray strain as well (see ref. 4). The elastic
strain seemed to be a better parameter to characterize the ion-damaged

strained epitaxial layer.

4. Effects of thermal annealing
4.1 Annealing of unbombarded as-grown (Galn)As

An unbombarded 1 pm thick (Galn)As layer, the sample "i" in Table 1, was
isochronally annealed for 15 minutes at 300 °C and at 500 °C. The in-plane
mismatch after both annealing steps was found to be fixed at 0.45 % £ 0.01 %,
independent of temperature. However, the depth-averaged perpendicular

x-ray strain was 0.743 9% at room temperature, 0.726 % after the 300 °C
annealing, and 0.722 % after the 500 °C annealing. This shows a small decrease

in the average perpendicular lattice constant for the epi-layer.

A 1000 A thick and a 1 um thick unbombarded (Galn)As layers, the samples
“1" and "2" in Table 1, were annealed isochronally for 15 minutes from 100 °C to
500 °C at approximately 100 °C steps (same as in Fig.5 (B)). The LO phonon
frequencies measured after the 400 °C and the 500 °C annealing steps were
about 1 cm’! greater than in the as-grown sample. According to the LO phonon

frequency versus composition data for this ternary alloy, given in ref. 5, the




~ above result again indicates the indium loss in the thermally annealed (Galn)As

film at temperatures lower than about 500 °C.

A 1400 A thick sample, which is the same as the sample "b" in Table 1, but
unbombarded, was annealed at 850 °C with no protective cap, under an arsenic
overpressure for 20 minutes. The depth-averaged x-ray strain, measured after
the annealing, was about 0.16 % for the parallel strain and 0.90 % for the
perpendicular strain. A substantial change is noted from the as-grown sample
data: 0.02 % for the parallel strain and 1.20% for the perpendicular strain. A
shallow-angle incidence asymmetric 224 rocking curve was analyzed using a
dynamical diffraction theory analysis program [9]. A best fit of a calculated
curve (solid curve in Fig.4) to the experimental curve (scattered dotted curve)
was obtained as shown in Fig.4, using the depth profiles of a parallel x-ray
strain (dotted horizontal line) and the perpendicular x-ray strain (solid staircase
curve) which are shown in the inset of Fig.4. The indium concentration profile
in the film shall approximately follow the perpendicular x-ray strain profile,
and it shows a thermally induced indium out-diffusion phenomenon, clearly.
During a thermal annealing even below 500 °C, a suitable pl"otection cap is

imperative to prevent the indium out-diffusion.
4.2 Annealing of MeV ion-bombarded (Galn)As films

A1000Aandal pum thick layers, the samples "1" and "2" in Table 1, which
had been bombarded with the 15 MeV Cl ions, were isochronally annealed. The
x-ray strains were measured after each annealing step. It was found that the
parallel x-ray strain was fixed, independent of temperature, at 0 % + 0.01% for
the 1000 A layer and at 0.32 % + 0.02 % for the 1 um layer. In Fig.5 (A), we




show the perpendicular x-ray strain as a function of the annealing temeprature
for samples bombarded to 1.25x10'3 ions/cm2. The perpendicular lattice
constants monotonically decreases with temerature due to a combined effect of
radiation damage recovery and indium out-diffusion. It is, however, believed
that damage recovery is the main cause for the decrease of perpendicular lattice
constant at temperatures below about 500 °C. The indium out-diffusion in the
layers, bombarded and annealed, should have been caused by both the
bombardment and the annealing. Note the singinificantly lower perpendicular
strain in the annealed sample "1" than in the as-grown sample which is
indicated by a horizontal dotted line in the figure. This sample went through a
precipitous derease of perpendicular lattice strain during the bombardment (see

Fig.2).

Shown in Fig.5 (B) are the LO phonon frequencies for the similar samples,
but bombarded to 2.5x10% ions/cm2. At 300 - 400 °C, the phonon frequency
for both samples exceeds the frequency in the as-grown films. The frequencies
for the as-grown samples are shown by the two dotted horizontal lines in the
figure. It is believed that the radiation damage in the (Galn)As layer is
completely recovered by annealing up to 500 °C, and the excess frequency over

the as-grown sample is due to the decreased indium concentration.
5. Conclusion

For the MeV ion-bombarded or thermally-annealed (Galn)As/GaAs, we have
presented the data on the lattice constants of deformed unit cells and on the
phonon frequency shifts. The depth profiles of the lattice constants are

obtained and presented for a (Galn)As layer annealed at 850 °C. For films with




an initial in-plane lattice mismatch greater than 0.02%, the in-plane mismatch
varies significantly with the MeV ion bombardment. For films with an initial
in-plane mismatch less than 0.01%, the in-plane mismatch does not vary under
the MeV ion-bombardment or the thermal annealing up to 500 °C. For layers
with greater in-plane mismatchs, the thermal annealing up to 500 °C does not
induce changes in the in-plane mismatch. However, a 850 °C annealing induces
a substantial increase in the in-plane mismatch. For films with an in-plane
mismatch less than 0.01%, a precipitous decrease of the perpendicular lattice

constant was observed at a demage-energy deposition of 1019 - 1020 keV/em?3.
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Table 1 Characteristics of the as-grown (Galn)As layers.
The x-value, thickness (h), and in-plane mismatch of the
Ga,_.In,As layers are given,along with the ion beams and
their energies used to bombard the samples.
Sample X h (&) ]rpﬁ-gr]:t?tech (%) ion beam
1 0.07 1,000 <001 15 MeV C1
2 0.07 10,000 0.39 15 MeV CI
3 0.15 10,000 0.66 15 MeV C1
;] 0.12 1,100 <0.01 9 MeV P
b 0.11 1,400 0.02 9 MeVP
c 0.11 1,700 0.04 9 MeVP
d 0.11 2,000 0.08 9 MeV P
e 0.12 2,500 0.24 9 MeV P
g 0.1 1,500 <0.01 2 MeV He
h 0.1 2,500 0.32 2 MeV He
i 0.1 10,000 0.45 Heat-treated
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Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fl E_CAPTION

The in-plane mismatch is given as a function of the bombarding ion
dose for the layers with an initial in-plane mismatch greater than 0.01
%. The data points in an open circle are the pre-bombardment values.
The data symbols correspond to the sample numbers in the first column

of Table 1.

The perpendicular x-ray strain is given as a function of the
damage-energy deposition for the samples with an in-plane mismatch
less than 0.01 %. The data points in an open circle are the values before

bombardment.

For the 1 pm thick, well-relaxed samples, given are (A): the
perpendicular x-ray strain, and (B): the LO phonon frequency shift as a
function of the bombarding ion dose. The dotted horizontal lines
represent the pre-bombardment values. The solid curve in (A) and the

data point "B" in (B) are data for bulk GaAs(001) crystals.

The 224 experimental (scattered dotted curve) and calculated (solid
curve) rocking curves are given for a 1400 A thick (Galn)As film
annealed at 850 °C. The calculated curve was obtained with assuming
the strain depth profiles shown in the inset (perpendicular = solid

staircase curve, parallel = dotted horizontal line).

The annealing behaviors are shown for the samples, "1" and "2".
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Buried layers in devices fabricated from InP and epitaxially grown films on InP
are often produced by MevV ion-implantation. This requires a need to better
understand the effects of MeV ion beam damage. Samples of Fe-doped InP single
crystal wafers (<100> orientation) with thin layers of LPE grown InGaAsP were
prepared and implanted with 1.0 Mev 160+ ions at doses of 1015/cm2.  The as-
implanted samples were analyzed by x-ray rocking curve technique to measure the
radiation-induced lattice strain, the photo-luminescence spectroscopy for the
study of shallow defect levels produced by MeV ions and the cross-sectional
transmission electron microscopy (XTEM) to investigate crystalline changes due
to the ion-implant. Changes in the near surface region where are compared to

those near the end of the ion range.
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1. Introduction.

There has been a recent increase in the use of MeV ion-implantation to form
buried deep-level insulator and semi-insulator layers in III-V materials (1].
These implanted layers serve to modify the electrical and optical properties of
micro—-electronic devices. Because of the high electron mobility in InP and the
favorable emission wavelength of the InGaAsP/InP system, devices fabricated from
ion-implanted InP and epitaxially grown films such as InGaAsP are playing a
greater role in the VLSI industry as well as in opto-electronic fiber
communication. However, in order to optimize the ion-implant process it is
necessary to understand the influence of implantation on the material in terms

of changes in structural and electrical properties.

The following is a description of the results of a study of the Mev-ion (160+)
implantation induced changes in electrical and structural properties of liquid
phase epitaxially (LPE) grown InGaAsP films on InP substrates. The study
focuses on the induced changes not only near the end of the ion range where ions
deposit enerqgy primarily by nuclear collisions but also near the implanted
surface where high velocity ions interact mainly by electronic excitation with
the encountered atoms. The existence of the thin quaternary layer on the
surface tends to enhance the measurement of the near surface changes which would
otherwise be difficult to observe if the sample were just an InP substrate. Ion-
implantation induced changes in the electrical and structural properties were
studied using x-ray rocking curve (XRC), cross-section TEM micrograph (XTEM),

and photoluminescence (PL) measurements.




2. Experimental procedure and results

The sequential steps in the experimental procedure were: sample preparation,
sample characterization, ion implantation, and characterization of ion-induced
changes. The samples were implanted with 1-MeV 160+ jons at a dose of 1015/cm2
using the Lockheed 3-MV Van de Graaff accelerator facility. This corresponded
to an ion beam current of 36 nA over an area of 0.63 x 0.63 cm for 30 min. The
face of the InGaAsP/InP samples were oriented to minimize channeling and the

implantation was perf rmed with the samples at room temperature.
2.1 Sample preparation and characterization

The samples were prepared by growing thin layers of InGaAsP on Fe-doped semi-
insulating InP single crystal wafers (<100> orientation) by the liquid-phase
epitaxy (LPE) process. The thickness of the films was measured by SEM
micrography to be 0.85 + 0.05 um and was subsequently verified by x-ray rocking

curve data which will be presented in the following section.

The film composition was determined from a combination of Rutherford
backscattering (RBS) measurements and calculations using the energy band gap
determined through photoluminescence measurements. The photoluminescence
experiments were performed using He-Ne laser radiation of 632.8 nm to excite the
near surface of samples held at a temperature of 12 K. The luminescence spectra
were recorded using a McPherson 0.5-m scanning monochrometer with a 600 lines/mm
grating and a cooled Ge detector. The photoluminescence emission spectrum from
the surface of the sample before ion implantation is illustrated in Fig. 1. The
sharp photopeak at 1050 nm represents emissions from the thin quaternary layer

since 90% of the He-Ne laser light is absorbed within a depth of 0.5 sm [2],




well within the film thickness. This peak corresponds to an energy band gap of
1.181 ev. The energy band gap of the InP is known to be 1.4 eV (886 nm) and no
contribution to’the spectrum from the InP substrate is observed at this
wavelength in the data of Fig. 1. By using the measured energy band gap value
for the film in the calculation of Adachi {3] for the lowest direct electronic
band gap in quaternary Inj_,GayAsyP1_y material, a composition of

Ing g2Gag, 18As(,.38P0.62 With a relative error of +0.13 is obtained. The
composition thus obtained is an average value for the film thickness weighted by
the laser absorption cross-section. This composition was also consistent with
Rutherford backscattering (RBS) measurements, allowing for the non-uniformity of

the film composition and experimental uncertainties.
2.2 Ion implantation damage studies

Ion implantation induced changes can be studied by measuring strain, lattice
displacement, structural changes, and point defects. Strain and lattice
displacements in the quaternary film and substrate were measured by x-ray
rocking curve techniques using Cu(Key) radiation. The strain depth profile was
derived from fitting the x-ray rocking curve by dynamical x-ray diffraction
theory [4) using the measured composition determined in the previous section as
a parameter. The percentage strain measures the percentage difference between
lattice constants of the film and substrate perpendicular to the InP substrate
facial plane. Fig. 2a illustrates the strain depth profile for the 0.87-um
thick quaternary film before ion implantation. The structure factor for the
film used in the x-ray simulation was In(0.89), Ga(0.11), As(0.23), and P(0.77).
The small variation in strain of 0.12% from the film surface to the interface
corresponds to a non-uniformity of the lattice spacing in the film. This

phenomenon has been observed in the past with LPE grown quaternary films. The




cause of the lattice spacing variation can be thought of as due to a slight
variation in composition, although in the fitting of the x-ray rocking curve the
composition was assumed to be uniform. This means the strain profile is
providing a first order correction to the composition parameter, since it is a
more sensitive measurement. A negative strain means a smaller C-axis

(perpendicular to the surface plane) in the film’s unit cell.

The C-axis can be modified by the ion implantation and an example of this is
shown in Fig. 2b. After ion beam implantation the strain in the film region was
reduced by varying amounts over the film thickness. Two possible mechanisms can
be responsible for this change. One possibility could be from expansion of the
C-axis due to heating created by the electronic stopping of ions passing through
this region. The electronic stopping transfers energy to lattice electrons

which produce phonons and lattice heating. The other possibility could be due

to beam-induced interdiffusion of constituent atoms in the film by the less

probable nuclear collisions which take place in this region.

The root-mean-square lattice displacement caused by ion implantation was deduced
from the dynamical x-ray diffraction theory (4]. The displacement in the film
shown in Fig. 2b is approximately 0.2 + 0.1 A; this parameter is not sensitive

enough to characterize the small degree of damage in the film.

Ion damage near the end of the 1.5 um ion implantation range can be clearly
observed in the InP substrate as shown by the data illustrated in Fig. 2b. This
damage is due mainly to nuclear stopping caused by large momentum transfer
between slow-moving ions and the substrate atoms. The negative strain is

consistent with the lattice contraction phenomenon reported earlier in ion




damage studies in InP (5] and large lattice displacement is seen at the end of

the beam range.

Structural damage caused by the ion beam implantation was studied by cross-
sectional TEM. The specimen was prepared by mechanical polishing, dimple
grinding and ion milling at liquid nitrogen temperatures using 3-keV argon ions
in a Gatan dual ion mill. After ion milling the specimen was further etched by

a l-second dip in a 1% solution of bromine in methanol.

Fig. 3a illustrates an XTEM microgaph which shows an amorphized layer of
approximately 450 nm thickness at a depth of about 1.5 ym. This depth
corresponds to the end of the implanted beam range. The interface between the
crystalline and amorphous material at the beam entrance side was sharper than
the side on which the beam stopped. In the higher resolution TEM micrograph
illustrated in Fig. 3b, both a high density of <111> stacking faults in the h
crystalline material and pockets of crystalline structure in the amorphous

material are present near both interfaces.

There are a number of models [6,7) proposed to describe the fractions of mixed
crystalline and amorphous structures observed in the XTEM data. Those models
are all based on energy loss of the ion beam by nuclear collision near the end
of the ion range. As the ion stops, nuclear collisions cause direct lattice
displacements and generate heat which may reach the melting point of InP on an
atomically local scale. The material melts but quenches quickly leaving a tiny
amorphous region. The damaged regions, surrounded by rigid frameworks of
undamaged lattice, cause lattice strains (as seen in Fig. 2b) and stacking
faults. The heavily damaged crystalline layers at the amorphous-crystalline

interfaces are predicted by ion beam straggling.




There is no visible structural damage near the surface in the high-resolution
XTEM micrographs. This does not mean that there is no damage in the near-
surface layers. The following reasons may be considered: The structural damage
is in the form of isolated atomic displacements caused by ion collisions. The
estimated fraction of atoms displaced is a few percent for a beam dosage of
1015/cm2, assuming that the cross-section for atomic displacement due to nuclear
collisions is typically 10‘17/'cm2 for MeV ions [8]. XTEM is not sensitive to
isolated point defects on an atomic scale. These defects, such as vacancies,
interstitials, antisites, and impurity-generated traps, can be detected by low-

temperature photoluminescence.

The photoluminescence emission was compared before and after ion implantation.
Since the sensitive detection depth is less than 0.5 um, data illustrated in
Fig.l is from the InGaAsP film only. The original 1050-nm peak shown in Fig. 1
disappears completely in data obtained from the sample after ion implantation.
This suggests that high-energy ion beams produce a large number of defects which
are effective centers for non-radiative recombination of photo-excited carriers.
These centers can be surface states, bulk traps, or beam~injected impurity
centers, all of which are expected to alter the electrical properties of the
film.

3. Conclugions

Room-temperature MeV ion-beam implantation at doses of 1015/cm? creates heavy
structural damage at the end of beam range. It creates a large number of
surface states and/or recombination centers in the near-surface layer even
though the nuclear stopping cross-section is small. Photoluminescence

measurements together with x-ray rocking-curve and XTEM data forms a powerful




combination of techniques with which to study ion induced changes. Further work
to correlate dose and annealing conditions with low-temperature luminescence

bands, sheet resistivity, and carrier density is planned for the near future.
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Fig. 1

Fig. 2a

Fig. 3

FIGURE CAPTIONS

Photoluminescence spectrum obtained from an as-grown sample of InGaAsP

£ilm on InP at T=12 K

Depth distribution of a) perpendicular strain for an as-grown sample

and b) strain and damage for the sample after ion implantation

a) A low magnification XTEM micrograph of an 16o+ ion-implanted
sample, showing an amorphous layer with pockets of crystalline
material present near the interfaces. The amorphized layer is
approximately 450 nm thick at a depth of 1.5 /m. b) A high resolution
TEM micrograph showing stacking faults in the crystalline material and
microcrystallites in the amorphous material near the interface

between the amorphous layer and crystalline substrate as a result of

ion implantation.
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