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Semi-insulating InP (Fe) wafers were irradiated at 4.5 K with 2.2-MeV electrons. The irradiation dose
was varied between 2X 10'7 ¢~ /cm? and 3X 10'® e~ /cm? and the samples were transferred in liquid ni-
trogen to an optical cryostat for the investigation of the magnetic circular dichroism of the optical ab-
sorption (MCDA) and the infrared absorption. After irradiation we observed two new MCDA spectra
that increase linearly with dose and are attributed to close Frenkel pairs. These spectra anneal around
200 K (stage I) and seem to represent the spectroscopic evidence for intrinsic defects that anneal below
room temperature. Along with the annealing of these close Frenkel pairs, two well-known MCDA spec-
tra appear that had been related to the Py, antisite and to impurity-defect complexes, respectively. The
impurity-defect complexes anneal between 330 and 400 K (stage II) whereas the final annealing of the Py,
antisites is observed around 650 K. Along with this final annealing the MCDA band of the Fe acceptor
is completely recovered. A well-known infrared absorption band (E noon =0.77 €V) is shown to be
directly formed during irradiation. The underlying defect reactions are discussed with special emphasis
on the correlation to previously published diffuse x-ray-scattering results.

I. INTRODUCTION

In a preceding paper' we showed by x-ray-diffraction
methods that very high concentrations of intrinsic point
defects can be produced in InP by low-temperature elec-
tron irradiation, and that there is a major annealing stage
of these defects below room temperature. As x rays yield
an average signal over the contribution of all defects in-
dependent of their charge state, the present investigation
was initiated to supplement these results with some spec-
troscopic results on specific defects. Due to the high sen-
sitivity of the spectroscopic methods there is also a better
overlap with published data that refer mostly to low-dose
irradiations. Of special interest was the search for intrin-
sic defects that anneal at low temperatures, as the present
information from deep-level transient spectroscopy
(DLTS) refers only to impurity-defect complexes as dis-
cussed in Ref. 1.

The magnetic circular dichroism of the optical absorp-
tion (MCDA) and optical-absorption spectroscopy (OAS)
were used for this investigation, as these methods can be
applied starting from the lowest temperatures and can be
used over a rather wide range of irradiation doses.
OAS—and especially MCDA —spectra can generally
not be related directly to first-principles defect calcula-
tions because of the complexity of the optical transitions
that involve the ground state as well as the excited states
of a point defect. However, the paramagnetic MCDA
can be related directly to spectra obtained by electron
paramagnetic resonance (EPR) from the same paramag-
netic ground state [via optically detected EPR (ODEPR)
and electron nuclear double resonance (ODENDOR)].
Therefore MCDA spectra can be used as fingerprints for
defects that have been identified by these techniques.
There are no fingerprints available as observed directly
after low-temperature irradiation; however, several very
specific fingerprints have been investigated in as-grown
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InP and after irradiation at room temperature.

(i) The MCDA of the Fe dopand in InP has been inves-
tigated in detail,>~* and is attributed to the neutral and
paramagnetic charge state of the Fey, acceptor that is the
Fe’t charge state with a spin S=35. The MCDA is
characterized by a broad band with a dominating max-
imum at a photon energy of 1.25 eV (see Figs. 2 and 8
below; further details of the spectra are not visible on
that scale). In the following we will use the energy of the
position of this maximum in order to characterize this
fingerprint: the 1.25-eV MCDA band.

(ii) The Py, antisite is a double donor that was first ob-
served by EPR after room-temperature (RT) irradiation
of p-type InP.> In contrast to some earlier conclusions,
recent investigations®’ consistently locate the P; /2"
transition level within the upper half of the band gap and
the PY/" level resonant with the conduction band. Nev-
ertheless, the exact position may depend on the type of
material and/or the defect concentration. For bulk sam-
ples the Pf”?" transition has been estimated to be at
E,+(1.1£0.1) eV and the PY" level at
E,+(1.3910.03) eV,” whereas for molecular-beam epi-
taxy (MBE)-grown epilayers Pj/>* has been located at
E,—0.23 eV and PY/" at E,+0.12 eV;® using a low-
temperature band gap of =~1.42 eV, this yields E, +1.19
and E,+1.54 eV for the epilayers. The paramagnetic
MCDA spectra observed for the Pi, state have been
identified by ODEPR and ODENDOR (Refs. 7—-13) in ir-
radiated as well as as-grown InP. Remarkably this defect
has in some cases also been observed for p-type samples;
these observations have been explained by a two-step ex-
citation.” The MCDA spectrum is characterized by a
broad band peaking between 1.3 and 1.4 eV, i.e., very
close to the band edge. The exact position of the peak
therefore depends on the instrumental and/or back-
ground corrections, and it has been argued that this spec-
trum has to be considered the tail of the band with its
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center above the band-edge energy.” As this peak posi-
tion is not well defined, detailed optically detected
magnetic-resonance investigations have been performed
with light energies between 1.26 (Ref. 12) and 1.36 eV.’
We will characterize the amplitude of this MCDA band
by its value at 1.32 eV, and call it for short the 1.32-eV
MCDA band. At this energy the background due to oth-
er defects is in addition very low: The Fe?* band has a
zero crossing, and some other doping-dependent spectra
are closer to the band edge.”'?> Detailed ENDOR investi-
gations’ revealed at least three different Py,
configurations that are, however, all characterized by the
same EPR and very similar MCDA spectra. P, in the
as-grown samples was attributed to the isolated antisite,
and the differences observed for irradiated InP have been
tentatively attributed to disturbances by acceptors, possi-
bly V7, in the second neighbor shell. The insensitivity of
the MCDA to the details of the defect structure is in con-
trast to the observations for the Asg, antisite in GaAs,
where different spectra have been observed,'* and might
be due to the limited range of the spectra that are cut off
within the first peak by the band edge.

(iii) An additional MCDA band with a zero crossing at
1.06 eV has been observed after RT electron irradiation
in semi-insulating (s.i.) as well as in p- and n-type InP.1%13
This MCDA anneals very similar to the E11 and H4
DLTS traps within annealing stage II (=370 K). There-
fore this MCDA has been attributed to the same complex
consisting of an impurity and an irradiation defect, prob-
ably P; or Vp.12 This MCDA spectrum is most
specifically characterized by the energy of the zero cross-
ing, and is therefore called!® the 1.06-eV MCDA band.

(iv) In addition to the MCDA an absorption band with
an onset at 0.77 eV has been observed after RT electron
irradiation.!® This band has been attributed to an ioniza-
tion transition, and also anneals within stage II. The un-
derlaying defect is produced with a rather high introduc-
tion rate (3 ~n,/¢t~1 cm™!, where n,; is the defect
density, and ¢¢ is the total dose), and there is no satura-
tion up to an irradiation dose of 10'® ¢ ~/cm2.!® Unfor-
tunately, so far there is no model for the underlying de-
fect. As the band is most specifically characterized by
the onset energy,!” we will refer to this fingerprint as the
0.77-eV absorption band.

Starting from these fingerprints, we investigated the
low-temperature defect production and the defect reac-
tions during an isochronal annealing program. In order
to compare the results with x-ray investigations, we ex-
tended the irradiations to rather high doses. The sys-
tematic investigation of a wide range of irradiation doses
allows in addition a direct discrimination between intrin-
sic defects and possibly impurity-related defect com-
plexes, as the latter must show a saturation behavior at
quite low concentrations that correspond to the doping of
2X 10" Fe/cm?, In order to facilitate these observations
we started with semi-insulating InP, where only small
changes of the position of the Fermi level are expected
during prolonged irradiation, as independent of the dop-
ing InP becomes highly Ohmic and n type after a critical
irradiation dose at RT [¢t(e ™ /cm?) = cyop(cm™3)].128
Hence irradiated InP is considered semi-insulating,'? al-
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though more specifically the Fermi level moves to the
upper half of the band gap and is finally located at
E _(0.3-0.4) eV.'%17 Using standard wafer thicknesses

the absorption close to the band edge becomes rather
high, and sets a limit to the low-temperature experiments
at a dose of =~10'% ~/cm?, or to defect concentrations
~10'8/cm3.!

In Sec. II we give a short introduction to the experi-
mental techniques. In Sec. III, we present experimental
evidence of the different fingerprints, and in Sec. IV we
discuss conclusions on the defect reactions.

II. EXPERIMENT

A. Magnetic circular dichroism of the absorption

The MCDA is defined as the differential absorption of
the sample for right (+) and left (—) circularly polarized
light that propagates along the direction of the applied
magnetic field (see Ref. 18 for review)

e=%(a_—a+) (1)
with at being the respective absorption coefficients and
d the thickness of the sample. Within a good approxima-
tion this quantity can be experimentally determined from
the intensities of the transmitted light of polarization
*:e=const X xycpa With

Xpepa =T —=I7)/(IT+I7). )

The constant factor is characteristic for the special exper-
imental equipment and is essentially determined by the
exact degree of polarization. As we do not discuss the
absolute values of the dichroism in the following we will
present the MCDA spectra as defined above.

The origin of the MCDA is schematically explained in
Fig. 1 for the most simple example of the paramagnetic
MCDA of a lattice defect: the defect may be character-
ized by an unpaired electron with s=1 in a doublet
ground state and an excited state, which both split in the
presence of the magnetic field. In addition to the funda-
mental transition cross sections o ;. and o _ the paramag-
netic MCD depends on the population numbers N * and
N~ of the Zeeman levels. Low temperatures and high
fields are therefore favorable for a good sensitivity. Of
course there is a saturation if N¥—0, and on the other
extreme there might be only a small diamagnetic MCD
signal left at high temperatures where both sublevels are
equally occupied. Generally MCD transitions are possi-
ble to several excited states, and the spectra are more
complex. On the other hand, this complexity makes the
MCDA a sensitive fingerprint for specific defects once
they are identified, e.g., by EPR and/or ENDOR (e.g.,
Ref. 14).

MCDA spectra were generally taken at 2 K with an
applied magnetic field of 5.73 T. The light from a 100-W
halogen lamp passed through a 1-m double monochroma-
tor, and was polarized by a combination of a Glan Thom-
son prisma and a photoelastic modulator working at 50
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FIG. 1. (a) Schematic view of the MCDA experiment and (b)
of underlying optical transitions. The optical transitions from a
S/, ground state to a first excited state (P, ;) and to higher ex-
cited states that are separated by an energy gap A (the spin-orbit
splitting) are shown. ¢, and o' transitions yield a first negative
MCDA peak with a net cross section ¢!, and transitions to
higher excitations yield a net cross section o, of the MCDA
with opposite sign.

KHz. Without calibration the sign of the MCDA [Eq.
(2)] may depend on a phase shift between the modulator
and the detection system. Our spectra have all the same
absolute signs of the MCDA amplitudes and correspond,
e.g., to a positive sign of the maximum at 0.95 eV of the
EL2" in GaAs. A cooled Ge detector was used for pho-
ton energies between 0.7 eV and the absorption edge (for
details, see Refs. 19 and 20). For a direct comparison of
the slightly different samples, all spectra were normalized
to correspond to a sample thickness of 100 pm.

During measurements the sample could be illuminated
via a mirror from a side entry by a second light source in
order to change the population of the defect levels by op-
tical transitions. In this way it is sometimes possible to
observe defect states that are not populated in thermal
equilibrium for a given position of the Fermi level. As
the absolute magnitude of the effects of this optical
pumping is small, we will discuss only the changes of the
spectra, i.e., the difference of the spectra with and
without additional illumination, and characterize these
spectra by the index p (MCDA,). The energy of the
pumping light was selected by different band-pass filters
and the intensity of this light at the position of the sam-
ple was =~15-20 mW/cm?. Using the same light source
with a long pass filter (A= 850 nm; power at the sample:
~200 mW/cm?), we tested the sensitivity of the defect
spectra to optical quenching by illuminating the sample
for 10 min at 2 K. This procedure quenches the EL2 de-
fects in GaAs within seconds; however, no quenching
effect was observed for the present defects in InP. This
behavior is in agreement with published results as only in
neutron-irradiated InP has an effect of the photoquench-
ing been observed in InP.?!
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B. Samples and irradiations

Samples of sizes 12X6 mm? were cut from [100]-

oriented InP (2X 10> Fe cm~3) wafers and polished to
obtain a final thickness of 330 um. These samples were
irradiated at 4.5 K with 2.2-MeV electrons in a similar
way to the samples for the x-ray investigations.! The ir-
radiation doses were No. 1: 0.2, No. 2: 0.35, No. 3: 0.85,
and No. 4: 2.8 X 10'® ¢ “/cm?. After the highest irradia-
tion dose the optical transmission, especially close to the
band edge, was too low for quantitative measurements.
Therefore the sample was additionally polished to a final
thickness of 120 um. As the sample warmed up to about
80°C during this polishing, no data are available at lower
temperatures for this sample.

After irradiation the samples were transferred in liquid
nitrogen into the optical cryostat. The annealing of the
samples was performed within an isochronal program
with holding times of 15 min. Anneals at temperatures
T, =<RT were performed within the He atmosphere of
the cryostat, and at higher temperatures within an exter-
nal furnace under vacuum (p < 10™* Pa).

III. IDENTIFICATION OF THE FINGERPRINTS

In this section we present an observation of the
different MCDA fingerprints separately, and in the same
order as they are observed to appear and anneal, respec-
tively. The optical absorption is presented in the final
Sec. III D.

A. New MCDA spectra after low-temperature irradiation

After irradiation the MCDA band of the Fe acceptors
is no longer visible, and a completely different spectrum
is observed. Figure 2 shows that this MCDA is charac-
terized by a peak at 1.17 eV and a negative peak at 1.27
eV of about twice that amplitude. Figure 3 shows that
the sizes of both of these peaks increase linearly with the

o
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0.7 0.9 1.1 1.3 1.5
photon energy (eV)

FIG. 2. Characteristic MCD spectra observed after irradia-
tion and annealing up to RT of sample 3
(¢t =8.5X10'7 e ~/cm?). After the 230-K anneal the MCDA is
shown in addition, as observed under simultaneous optical
pumping with a bandpass filter BP1200. The different symbols
characterize the different spectra and not the measuring points
for the spectra that are not resolved in these plots.
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FIG. 3. Dose dependence of the amplitude of the positive
and negative peaks at 1.17 and 1.27 eV, respectively, as observed
after irradiation (annealing temperature T, =80 K).

irradiation doses, and this behavior is a strong indication
of an intrinsic underlying defect. In spite of this common
feature the annealing behavior (Figs. 2 and 4) of the two
peaks is different, and the 1.17-eV peak anneals faster
than the 1.27-eV peak. Hence the two peaks must origi-
nate from two different defects. As can be seen from Fig.
2 there arises another dominating spectrum (i.e., the Py,
antisite) along with the seemingly complete annealing at
230 K such that a remaining small part of the low-
temperature peaks and minor differences in their final
disappearing could not be detected.

The missing visibility of the MCDA band of Fe3™ is in
agreement with the EPR investigations of Fe acceptors in
electron-irradiated InP, that showed a change of the
spectrum by the trapping of defects at 77 K.2* The re-
sulting spectra cannot, however, be attributed to these
Fe-defect complexes: First, the signal disappears at
T,=230 K, whereas the number of complexes of Ref. 22
is stable up to RT and increases before the final annealing
between 400 and 500 K. Second, the Fe’™ acceptors
have already disappeared after our lowest irradiation
dose, and also cannot be detected under optical pumping.

T T
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FIG. 4. Annealing of the positive peak at 1.17 eV and the
negative peak at 1.27 eV. At 230 K the two bands can no longer
be observed.
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In contrast to that the MCDA band continues to grow
linearly with dose, and reaches an amplitude that is an
order of magnitude higher than that of the Fe3 accep-
tors (Fig. 8). Hence we are left with intrinsic defects
whose annealing correlates well with the annealing of the
close Frenkel pairs identified by Huang diffuse scattering
(HDS),! and therefore we attribute these peaks to such
pairs and call them FP1 (the largest peak at 1.27 eV) and
FP2 (the 1.17-eV peak). A further discrimination in
terms of the sublattices or the additional involvement of
antisite defects seems too speculative at present; however,
attribution of the spectra to isolated vacancies seems un-
likely, as these vacancies are stable at least up to RT as
discussed below and therefore at least a part of the signal
should survive; similarly isolated interstitial atoms seem
very unlikely as (although in contrast to some theoretical
expectations) no energy level has been observed so far
within the band gap of InP or GaAs that could be attri-
buted to interstitial atoms.

B. The 1.06-eV MCDA Band

The spectra observed after annealing at 230 K are
dominated by the MCD of the Py, antisite that is charac-
terized by the tail of the peak close to the band edge (Fig.
2), and this spectrum does not change much after anneal-
ing up to 320 K. However, additional measurements un-
der simultaneous optical excitation through a band-pass
filter (BP 1200, transparent region 1160—1270 nm or
0.99-109 eV) show some changes (Fig. 2). The difference
between these spectra MCDA,, is plotted in Fig. 5, and
shows the characteristic shape of the 1.06-eV band. This
band seems to reach its maximum amplitude after anneal-
ing at 230-320 K. As shown in Fig. 6 the amplitude of
this MCDA seems to be independent of the irradiation
dose. This saturation is in agreement with the attribution
of this band to an irradiation defect-impurity complex as
discussed in Sec. II.

Figure 7 summarizes the buildup and decay of this sig-
nal as a function of the annealing temperature. This sig-

MCDAR(107%)

0.7 04‘9 1.I1 1.3
photon energy (eV)

1.5

FIG. 5. MCDA, spectra observed with sample 2 using a
bandpass filter BP1200 for the pumping light source. The signal
shows a zero crossing point at 1.06 eV and represents the well-
known 1.06-eV MCDA band.
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FIG. 6. Dose dependence of the amplitude of the 1.06-eV
MCDA band as obtained from the peak heights at 0.94 and 1.17
eV. All measurements were performed after annealing at 325
K.

nal shows a sharp annealing stage between 330 and 360
K, i.e., a complete annealing at the beginning of anneal-
ing stage II. There seems to be an indication of the pres-
ence of the signal directly after irradiation for sample 1,
i.e., the sample with the lowest background due to other
defects. This observation indicates that this complex is
produced directly during irradiation. However, the sig-
nal increases with the annealing of the FP1 and FP2 sig-
nals. As the effect of the optical pumping may depend
very sensitively on the competition of electron or hole
traps and other defect interactions we will make no quan-
titative conclusions, e.g., a change of the defect concen-
tration or a simple change of the visibility.

C. The Py, antisite

After annealing at 230 K the dominating contribution
to the MCDA shows characteristic features of the spec-
trum of the Py, antisite (Fig. 2), and Fig. 8 shows changes
of the spectra during further annealing. Due to the high

© o o o =
N » o @ O

o
o

AMCDAs/MCDAp(325K)

0__ 400 600

Ta(K)

FIG. 7. Growth and annealing behavior of the 1.06-eV
MCDA band. The amplitude of the peak at 1.17 eV is shown by
the open symbols (similar to Fig. 6), and the peak at 0.94 eV by
closed symbols.
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FIG. 8. MCDA spectra observed after annealing between
230 and 650 K for sample 2 (¢t =4X 10" ¢ " /cm?). The spec-
trum observed after annealing at 650 K corresponds to the Fe
acceptor that has been observed before irradiation with a simi-
lar amplitude.

absorption close to the band edge only the tail of the
characteristic peak of the Py, antisite can, however, be
resolved. In order to compare the increase of the ampli-
tude, a value at 1.32 eV has been selected and is plotted
as a function of the irradiation dose in Fig. 9. Within the
errors we observe a linear increase of the signal after an-
nealing at 230 K, as well as after annealing between 450
and 500 K where the high-dose irradiation can be includ-
ed. Hence there is no saturation of the number of
radiation-induced defects.

The annealing of the amplitude at 1.32 eV is summa-
rized in Fig. 10. There is a first decrease by about 50%
between 350 and 400 K (the end of stage II) and a final
annealing between 550 and 650 K. Figure 8 shows in ad-
dition that after the final annealing the MCDA is dom-
inated again by the signal of the Fe acceptor that has the
same amplitude as before irradiation.

The attribution of the observed MCDA band to the Py,
antisite is obvious from the similarity of the generally

15 hd T T
MCDA(1.32eV)
12+ an #1 b
®0 #2
— mo #3
'?o 91 O #4 1, so0x-seox 7
S 6t -
[8) \,
= T, 450K-550K
3 I~ O -
OO I 1 3

1 2
dose(10'"%¢™/cm?)

FIG. 9. Amplitude of the MCDA at 1.32 eV, as observed be-
tween 200 and 360 K ‘and between 450 and 550 K. The high
dose sample 4 could be included for higher temperatures only,
as this sample had been warmed to about 80°C during the addi-
tional polishing.
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FIG. 10. Annealing of the MCDA amplitude at 1.32 eV that
is attributed to Py, antisite defects. Data are shown on a nor-
malized scale.

very specific features of the spectra. However, due to the
limited range of the spectra some additional comments
might be helpful: Similar to the discussion in Sec. III A
we observe a linear dose dependence that directly indi-
cates an intrinsic defect; in addition, the annealing
behavior of the spectrum excludes an attribution to the
complexes?? of the most abundant Fe doping atoms. The
only intrinsic defect observed so far that yields a compa-
tible MCDA spectrum is the Py, antisite. The presence of
the P;. charge state of the antisite is completely compati-
ble with the expectation (Sec. IT A), i.e., a limiting posi-
tion of Ep at E,—(0.3-0.4) eV and the location of the
P 72% level at E, —(0.3-0.4) eV for bulk samples.” The
insensitivity of our signal to optical pumping indicates
more specifically that for our condition the exact location
of these levels is such that nearly all antisites are in the
P; charge state.

D. Optical absorption

The optical-absorption spectra observed after irradia-
tion and annealing up to 650 K are shown for the exam-
ple of sample 2 in Figs. 11(a) and 11(b). The annealing
behavior reveals that these spectra may be considered as
a superposition of the 0.77-eV band"’ discussed above and
a background that strongly increases close to the band
edge. This background might quite generally be under-
stood as a superposition of ionization transitions from
many different defects. Figure 12 summarizes the anneal-
ing at two characteristic energies of the spectrum, i.e., at
1.07 eV, where the band is dominating, and at 1.34 eV
where all other ionization transitions dominate. Figure
12(a) shows a steady increase of the absorption with irra-
diation dose and a clear annealing stage between 330 and
400 K, that is in full agreement with previous results!® for
the 0.77-eV band. Figure 12(b) shows the band-edge ab-
sorption for all samples on a normalized scale. Although
we have to consider errors of =20% due to the high ab-
sorption for the lowest annealing temperatures, we ob-
serve a steady annealing starting from the lowest temper-
ature and a decrease by about 60% within stage I. This

17 547
3
(a)
| #2 080 K b
- i
[+
07 09 11 1. 15
photon energy (eV)
3
(b) "
!
| $2 ©325 K .
0360 K v
0400 K T
oL "650 K i
---- unirradiated |
o M
[} d
1 -
07 08 11 1. 5

1.
photon energy (eV)

FIG. 11. Optical absorption after irradiation and annealing
of sample 2 (¢t =3.5X10'7 e " /cm?). (a) Annealing between 80
and 325 K. (b) Annealing between 325 and 650 K.

decrease correlates quite well with the x-ray results,! and
again indicates a dominating annealing stage I for the in-
trinsic defects.

IV. DISCUSSION OF THE DEFECT REACTIONS

In this section we will discuss results for the defects
and their reactions as they are observed in annecaling
stages I and II,23 and in the final annealing stage between
450 and 650 K that we call stage III.

10 1(a) (Xrorev — X o76ev) (b) (Qseev — Oorser) !
10 |
|
& |
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2 '3
H :
0.0 0.0 "ra"«
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FIG. 12. (a) Annealing of the absorption at 1.07 eV and (b)
close to the band edge at 1.34 eV. In order to eliminate the
effects of small changes of the reflectivity of the samples after
remounting, the value of ad at 0.75 eV that is nearly not
affected by the irradiation defects (see Fig. 11) has been sub-
tracted. (a) is given on an absolute scale in order to show the
dose dependence (sample 1: 2.0X 10'7; sample 2: 3.5X 10'7; sam-
ple 3: 8.5X 10! ¢ " /cm?), and (b) has a normalized scale in or-
der to show the similarity of the annealing after different irradi-
ation doses.
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A. Defects and their reactions in stage I (7, <250 K)

Immediately after irradiation we observe a new
MCDA spectrum. From the linear increase of the ampli-
tudes with the irradiation dose and from the details of the
annealing kinetics up to the final annealing at 230 K we
concluded that this spectrum is a superposition of the
spectra of two different intrinsic defects FP1 (the 1.27-eV
peak) and FP2 (the 1.17-eV peak). As there is no other
spectroscopic evidences of intrinsic defects we attribute
these peaks to the close FP’s that have been shown by
HDS to anneal within this temperature range.! As long
as there is no additional information, e.g., from EPR or
ENDOR, further interpretations of these signals seem
speculative. The annealing of major intrinsic defects
within this temperature range is, however, supported by
the annealing of the near-band-edge absorption [see Fig.
12(b)] and by the annealing of vacancy-type defects as
shown by position annihilation spectroscopy (PAS) for
n-type InP.%*

Along with the annealing of these FP’s we observe the
evolution of two MCD spectra that are well known from
RT irradiation, i.e., the 1.06-eV band and the P, spec-
trum. Whereas there is some indication that the 1.06-eV
MCDA band is directly formed during irradiation, Py,
seems to be created by defect reactions. However, the in-
visibility of the MCDA spectrum of P, at low annealing
temperatures might also be due to an irradiation-induced
shift of the Fermi level and the corresponding change of
the charge state of the defect, e.g., the Fermi level is close
to midgap as long as FP1 and FP2 are present, and moves
along with the annealing up to the position that is usually
observed at RT after high-dose irradiation.!>!617 At-
tempts to make these antisites visible by optical pumping
failed, but this failure does not exclude the presence of
P,, as optical pumping experiments are conclusive only if
they are successful. Hence we cannot decide at present
whether Py, is produced directly during irradiation (e.g.,
by replacement collisions) or by defect reactions during
stage-I annealing. This situation seems very similar to
the observations of the Asg,-X; complex that is generally
only observed after RT annealing of irradiated GaAs,!1?3
i.e., after annealing of close FP’s that are basically attri-
buted to the Ga sublattice. This defect has therefore
been comnsidered as a reaction product, but we have re-
cer;gly shown that Asg,-X; can be directly produced at 4
K.

The linear increase of the Py, signal with the irradia-
tion dose seems to be at variance with a tendency toward
saturation observed by Deiri et al.;!° instead of a possible
difference between 4-K and RT irradiations we suppose,
as already discussed by the authors,!? that their observa-
tion of a fast initial increase of the concentration might
be due to the shift of the Fermi level of their p-type InP
and the consequent visibility of preexisting antisites.
Hence our signals correspond to their final smaller slope.

In addition to the MCDA spectra the 0.77-eV band of
the optical absorption reveals another intrinsic defect
that must have been directly produced during irradiation.
In addition, it is remarkable that the magnitude of the
0.77-eV band is not affected by the defect reactions below
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RT. Consistent with this observation, at low tempera-
tures we obtain an introduction rate of 2=~1 cm ™!, simi-
lar to what Brailovskii, Eritsyan, and Grigoryan!® ob-
tained after RT irradiations (if we use the same calibra-
tion of the defect density that was based on the assump-
tion of an oscillator strength of f=1). This introduction
rate yields defect densities up to 10'® ¢cm ™3, and indicates
again that only intrinsic defects can be involved.

B. Defects and reactions with stage II (330-420 K)

The 1.06-eV MCDA band has been introduced with a
concentration that was independent of the irradiation
dose, and has therefore been attributed to a defect-
impurity complex. This band anneals within a sharp step
between 330 and 360 K. These observations are in agree-
ment with the results of RT irradiation of differently
doped InP.!* From the close similarities of the annealing
kinetics of this band with the dominant DLTS levels H4
and E 11 (that might also be related to the same defect?9),
it was concluded that these signals correspond to the
same defect,'® probably an impurity complex involving
Zn impurities and possibly P interstitials P; or phos-
phorus vacancies Vp.!* If this correlation to H4 is
correct, the buildup of the MCDA signal (Fig. 7) could
reflect the true defect concentration, as similar effects
have been reported for H4, i.e., direct production during
irradiation and an increase of the concentration during
stage-I annealing.??

Within the temperature range from 330 to 350 K the
0.77-eV band of the optical absorption disappears com-
pletely, and indicates the annealing of a major intrinsic
defect. There is at present no interpretation of this band;
however, there seems to be an obvious correlation to an
EPR signal that has been attributed to V.2’ This defect
has been introduced at RT with a similar introduction
rate of =1 cm™!, and also anneals in a similar way to the
0.77-eV band. As positron annihilation spectroscopy re-
ports vacancy clustering only at higher temperatures,!”2
this annealing stage might be attributed to the detrapping
of P; and its consequent recombination with Vp.

Finally, within this temperature range we observe a
50% reduction of the Py, antisite MCDA signal. This ob-
servation might be considered as evidence of the rear-
rangement of complexes (e.g., by detrapping or trapping
of additional P;) that transform the defect complexes into
charge states that are invisible by the MCDA. The alter-
native possibility of an elimination of the antisite defect
itself could be performed by a kick-out mechanism of the
mobile In interstitial In;, or by an exchange mechanism
via vacancy migration. The first process seems very un-
likely as, if this process would be effective, it should al-
ready be effective at lower temperatures; the second pro-
cess seems unlikely too, as there is no other indication of
vacancy migration at that temperature.

C. Final annealing within stage III (420-650 K)

The only signals left above 420 K are a small part of
the near-band-edge absorption, that anneals steadily up
to 650 K, and the P;;, MCDA signal. This MCDA is con-
stant up to 550 K, and has completely annealed at 650 K,
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where the original signal of the Fe acceptor also indicates
a complete annealing. Supported by evidence of vacancy
mobility in this temperature range due to PAS,'7?® this
annealing can be explained in a straightforward manner
by vacancy migration. These mobile vacancies finally
rearrange and anneal the remaining point defect com-
plexes.

V. SUMMARY AND CONCLUSIONS

After low-temperature electron irradiation of InP we
observed two resulting MCD spectra, FP1 and FP2, that
are attributed to different close Frenkel pairs and that an-
neal within stage I. This seems to be the first spectro-
scopic evidence of intrinsic point defects that anneal at
low temperatures in InP.

In addition to these signals the known optical finger-
prints of several intrinsic defects and of an impurity-
defect complex have been investigated over a wide range
of defect concentrations and annealing temperatures.
The characteristic annealing reactions are schematically
summarized in Fig. 13, and compared to the annealing of
the Huang diffuse scattering (HDS) intensity that yields
an average signal over all defects present in the sample,
and which was discussed in Ref. 1. Although the HDS
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FIG. 13. Comparison of the annealing behavior of InP as ob-
served by different experiments. (a) HDS intensity for the lower
irradiation doses of Ref. 1 (¢ =0.8—1.7X 10'° ¢~ /cm?) and of
the near-band-edge absorption at 1.34 eV from Fig. 12(b)
(#t=0.02—0.085X10'° ¢ ~/cm?). The arrows show the values
obtained after subtraction of the contribution of the 0.77-eV
band. (b) Annealing of the different fingerprints: FP1, FP2, the
1.06 MCDA band, the 0.77-eV band, and the P;, MCDA signal.
The question mark indicates that it cannot be decided from the
present experiments whether the 1.06-eV MCDA band and the
Py, signal are invisible below 230 K due to a shift of the Fermi
level, or whether the majority of these defects are not yet
formed.
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data were taken from the lower irradiation doses, these
doses of ~10' e~ /cm? are still much higher than those
of the optical data with doses of ~10'® ¢ ~/cm? Never-
theless, as the x-ray results were linear in dose for
0.8-4.0X 10" e ~/cm? and the intrinsic optical defects
in the range from 0.02 to 0.3 X 10" e ~/cm?, the extrapo-
lation to an overlap of the doses seems meaningful.

In Fig. 13(a) the near-band-edge absorption [at 1.34 eV
from Fig. 12(b)] is compared to the annealing of the
HDS intensity, and we observe a very similar annealing
behavior. The similarity of the annealing curves is not
much affected if we eliminate the contribution of 0.77-eV
and with its step around 350 K [Fig. 12(a)]. The values
obtained by subtraction of this contribution and renor-
malization are indicated by the arrows given in Fig. 13(a).
Hence the conclusion drawn from the HDS about a rath-
er continuous annealing background below the sharp an-
nealing stages observed by spectroscopic methods is sup-
ported by the near-band-edge absorption, that yields an
average over many different ionization transitions. In ad-
dition, we recall the similarity to the annealing reactions
in GaAs.!

Figure 13(b) shows the annealing of the spectroscopic
fingerprints. Within stage I we see the annealing of the
Frenkel pairs, and within stage II the annealing of an in-
trinsic defect (the 0.77-eV absorption band) and that of a
defect-impurity complex (the 1.06-eV MCDA band). In
addition, the signal of the P, antisites decrease to about
50%. These sharp steps are observed well within stage
I1, originally defined by DLTS measurements.?> The final
annealing stage is characterized by the disappearing of
Py, that can be explained by vacancy migration. It seems
remarkable that many of these fingerprints seem to be
unaffected by other defect reactions below their final an-
nealing temperature; the only exception is Py, that an-
neals within two sharp steps (and possibly the growth of
the 1.06-eV band and of the P;, MCDA in stage I). This
behavior would be expected if there is only close pair
recombination and no escape of mobile interstitials.
However, Fig. 13(a) also shows considerable annealing
after the end of the close pair annealing, e.g., between 250
and 330 K, indicating additional defect reactions. The
missing interaction of these mobile defects with stage-II
defects (the 1.06-eV MCDA band, the 0.77-eV band, and
Py,) can be understood if all stage-II defects have a
charge state that repels the defects that are mobile below
330 K; i.e., at least the dominant type of interstitial atom.

The same repulsion also must be effective during irradi-
ation, if we assume that there is an athermal radiation-
induced migration of interstitial atoms in InP. This mo-
bility has been deduced from the formation of impurity-
defect complexes during low-temperature irradiation,?’
and there is similar evidence here from the observation of
the 1.06-eV MCDA band. From the observed accelera-
tion of the defect annealing by minority-carrier injection,
there is additional evidence of such recombination-
enhanced defect reactions (REDR’s).?*3° Hence if an im-
purity is a suitable trap for the interstitial atoms, most of
these traps would already be occupied after low irradia-
tion doses, and further defects would be repelled; the al-
ternative, in which the impurities act as nucleation



17 550

centers for larger agglomerates, can be excluded, as such
agglomerates would be detected by HDS.! We must
therefore expect that after long-time irradiation most of
the mobile interstitial atoms cannot find an extrinsic trap
and are retrapped at vacancies and vacancy-antisite com-
plexes that might arise from replacement collisions and
are continuously produced. In this way more stable FP
complexes are built up. HDS can demonstrate that these
complexes also stop growing at a very small size. Hence
there are extrinsic as well as intrinsic complexes that re-
pel the most mobile defects during irradiation as well as
during low-temperature annealing. The only indication
of the evolution of the agglomerates is the shift of stage I
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to higher temperatures that was observed by the HDS at
the highest dose. This shift indicates that on the average
more stable agglomerates survive. Again the defect pat-
tern seems to be very similar to that observed with high-
dose-irradiated GaAs.
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