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Several P&„antisite structures are observed in InP and identified using optical detection of magnetic
resonance (ODMR) and electron-nuclear double resonance (ODENDOR) via magnetic circular di-
chroism in near-band-gap absorption. One of these is the isolated P&„antisite previously studied in as-
grown and electron-irradiated p-type InP. Two others, clearly distinguishable in the ODENDOR, are
perturbed antisites that are produced by electron irradiation and observed only in n-type samples. The
isolated antisite is also detected by ODMR and ODENDOR in as-grown p-type materials in two com-
peting photoluminescence bands, peaking at 0.8—0.9 and 1.1 eV. It is proposed that both bands arise
from donor-acceptor pair recombination involving the isolated antisite defect, the 0.8—0.9-eV band origi-
nating from the Pi„+/Pin donor level and the 1.1-eV band from the P&„ /P&„+ donor level ~ With this
identification, the energy position of the isolated antisite P&„+/P&„+ level is estimated to be at
E&+ 1.1+0.1 eV and that of its Pin /P&„+ level to be at E&+ 1.39+0.03 eV. The perturbed antisite lev-

els appear higher in the gap consistent with the presence of an acceptor in a near-neighbor shell, a likely
candidate being the indium vacancy.

I. INTR@DUCTION

A magnetic-resonance signal attributed to the anion
antisite P,„in InP was to our knowledge first observed by
conventional electron paramagnetic resonance (EPR)
(Ref. I) and later by optically detected magnetic reso-
nance (ODMR) via magnetic circular dichroism (MCD)
in absorption, and photoluminescence (PL). '

Different assignments for the level position of the dou-
ble P,N donor based on PL-ODMR measurements of Zn-
doped material, both electron irradiated and as-grown,
have been reported in the literature. A photolumines-
cence band at 0.8 —0.9 eV which is enhanced at reso-
nance was first assigned to transitions between shallow
donor states and the P&„ /P&„+ level, which was there-
fore deduced to be 0.8—0.9 eV below the conduction band.
Later studies in p-type material showed that the PL band
originated from transitions between the PI„+/P&„+ level
and shallow acceptor states. ' ' Hence, the second ion-
ization level of the antisite was concluded to be 0.8 —0.9
eV above the valence band.

The above level assignments count on the ability of the
ODMR technique to distinguish between different

antisite-related complexes which produce very similar
signals but can have significantly different level positions.
In fact, previous investigations have suggested the ex-
istence of more than one antisite structure with
differences in g values and hyperfine coupling constants
close to the resolving power of the ODMR and EPR
techniques when applied to all of the III-V semiconduc-
tors. In particular, slightly different g values and central
hyperfine interactions have been reported in ODMR and
EPR measurements for p-type Zn-doped InP, on the one
hand, and n-type Sn-doped InP, on the other. '" Table I
summarizes a few values from the literature.

In this report we first prove by measuring the ODEN-
DOR (optical detection of electron-nuclear double reso-
nance) signal of the nearest In shell that several antisite-
related defects with very similar ODMR signals do
indeed exist in InP. Moreover, these signals often appear
simultaneously in the ODMR measurements overlapping
each other. In this case level assignments based on such
measurements have to be made with extreme caution.

Second, our ODENDOR measurements on as-grown
p-type InP:Zn identify the antisite defect observed in PL-
ODMR and the one measured in MCD as both arising
from the isolated antisite. With this information and

TABLE I. Selected g values and central hyperfine coupling constants reported in the literature.

Dopant
[cm ']

[Zn] =1.2X 10'
[Zn]=3X10"
[Zn] = —10"
[Zn]=5. 6X10
[Sn] =2 X 10'
[Sn] =2 X 10'

e-irrad.
[cm ]

as-grown
1 x1O"

as-grown
1.3 X 10is

2. 3 x 10is

2. 3 x1O"

Conductivity
after irr

n

n

g value

2.000+0.003
2.000+0.003
2.006+0.005
2.012+0.005
1.992+0.008
1.991+0.005

0

[10 cm ']

980+20
980+20

1000+20
1040+20
920+50
990+20

Measurement

MCD (Ref. 8)
MCD (Ref. 8)
PL (Ref. 3)
MCD (Ref. 7)
EPR (Ref. 1)
MCD (Ref. 7)
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measurements of the emission and excitation spectra for
photoluminescence and the PL-ODMR signals, we are
able to present a direct estimate of the energy positions of
the P,„+and P,„+ + levels of the P~„ isolated antisite.
Finally, we propose a tentative model for the perturbed
antisites and their energy levels.

II. EXPERIMENTAL PROCEDURE

The InP crystals used in this study include different n-
and p-type single crystals grown by the liquid-
encapsulated Czochralski method. The as-grown samples
of interest for the present paper are listed in Table II.
Some of them were electron irradiated with 2.5-MeV
electrons from a Van de Graaff accelerator. They were
mounted on a water-cooled holder during irradiation,
and care was taken to keep the sample current density
low, at about 4 IMA/cm . Data for the samples at selected
irradiation Auences are also given in Table II. The table
also summarizes g values and center P-hyperfine coupling
constants determined from the ODMR spectra, as well as

other pertinent results which will be discussed in the fol-
lowing sections. The carrier type after electron irradia-
tion was estimated from conductivity measurements on a
few representative samples. From these studies, it was
established that p-type samples convert to n type at a
critical electron Aux (in e /cm ) approximately equal to
the p-type doping concentration (in no. /cm ), and that n

type samples remain n type.
All experiments were performed in an Oxford Instru-

ments SM-4 optical cryostat with a built-in supercon-
ducting magnet and quartz windows allowing operation
at pumped liquid-helium temperature (1.7 K). The sam-
ple, mounted on a quartz rod at the end of a long
stainless-steel tube, was placed in a 35 GHz TED'~ mi-
crowave cavity designed in the form of concentric rings
for optical access, and was immersed in the liquid helium
(1.7 K) during the experiment.

For MCD experiments, the excitation source was a
600-W tungsten-halogen lamp. A Jarrel-Ash, Mark X,
—,
' -meter monochromator selected wavelength, and
colored glass filters removed unwanted orders. A Po-

TABLE II. Summary of the experimental results on representative samples. (yes) denotes evidence of a weak signal.

Label Dopant
(cm )

e-rad.
(cm )

ODMR
23

OD ENDOR
26 165

(MHz)

g value Hyperfine A

(10 4 cm ')

1B
1C
1A

[Zn]=5X10"
[Zn] = 5 X 10"
[Zn] = 5 X 10"

as-grown
1x 10"
3 X 10'

MCD
MCD
MCD (yes) yes (yes)

1.995+0.005
1.990+0.005

940+30
940+30

[Zn] = 1.2 X 10'6 as-grown MCD
PL

yes
yes

yes
yes

2.000+0.003
1 ~ 997+0.005

980+20
980+30

3A
3B
3C

[ZLI] = 3 X 10
[Zn] = 3 X 10'
[Zn] = 3 X 10'

as-grown
1x10"
1x10"

PL
MCD
MCD

yes
yes
yes

yes
yes
yes

1.997+0.005
2.000+0.003

980+30
980+20

4A
4B
4C

Semi-insu
Semi-insu
Semi-insu

as-grown
3 x10"
1x10"

MCD
MCD

(yes) yes
yes

(yes) 1.990+0.005
1.990+0.005

940+30
930+30

5B
5A
5C

[Si]= 5 X 10"
[Si]=5 X 10"
[Si]= 5 X 10"

as-grown
3 x10"
1x10"

MCD
MCD

(yes) yes (yes) 1.990+0.005
1.988+0.005

940+30
940+30

6A
6B
6C

[Si]= 1.4 X 10'
[Si]= 1.4X 10'
[Si]=1.4x 10"

as-grown
2X 10'

3.6X 10' MCD yes 1.990+0.005 930+30

7A
7B
7C

[Sn]=5 —9 X 10"
[Sn]= 5 —9 X 10"
[Sn]=5—9X10'

as-grown
2X 10'

3 ~ 6x10"
MCD
MCD

yes
yes

1.987+0.005
1.990+0.005

950+30
920+30

8A
8B
8C

[Sn]= 1 —3 X 10'
[Sn]= 1 —3 X 10'
[Sn]= 1 —3 X 10'

as-grown
2X 10'

3 ~ 6x10" MCD yes 1.990+0.005 930+30

9A
9B
9C

[Sii]=3—20X 10'
[Sn]= 3 —20 X 10'
[Sn]= 3 —20 X 10'

as-grown
2X 10'

3.6x10" MCD yes 1.989+0.005 940+30
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laroid HR linear polarizer and Hinds PEM-3 photoelastic
modulator produced alternating left and right circularly
polarized light at 50.4 kHz. A North Coast liquid-
nitrogen-cooled Ge detector (EO-817p) collected the
transmitted light propagating along the static magnetic
field. The output of the detector was synchronously
lock-in amplified at 50.4 KHz so that the recorded signal
was proportional to the transmission difference between
right- and left-circular polarizations.

M CD is defined as the difference in absorption
coefficients for left (aL ) and right (an't ) circularly polar-
ized light. When (al —

an't )d « 1 (i.e., IR IL-« Iz+IL, the condition of our experiments), one ob-
tains the simple relation

2 Iz II.
d (IR+IL)

where d is the thickness of the sample, and I„and II are
the transmitted right and left circularly polarized com-
ponents, respectively. All values given for the MCD in
this paper were determined in the above manner, the
lock-in signal (proportional to Iz Il ) being d—ivided by
the average transmitted light. In this way, the spectral
response of the light source, monochromator, detector,
lenses, windows, etc. , as well as unrelated absorption in
the sample were automatically corrected for.

ODMR spectra were obtained by monitoring the
change in MCD induced by microwave transitions be-
tween Zeeman-split components of the ground state as
the magnetic field was swept. To determine the spectral
dependence of an MCD-ODMR signal, two wavelength
scans were performed —one with the magnetic field
tuned to the resonance, another with the magnetic field
shifted off—and the difference was taken. In this way,
unrelated contributions to the MCD were eliminated.
For the ODENDOR studies, a two-turn coil was installed
in the cavity such that its magnetic-field axis was perpen-
dicular to both the static and microwave magnetic fields.
The radio frequency was supplied to the coil from a
Fluke 60608 frequency synthesizer amplified by an ENI
3100LA solid-state radio-frequency amplifier. The static
magnetic field was tuned to the peak of the QDMR reso-
nance, and changes in the ODMR signal intensity were
recorded as the radio frequency was swept. The frequen-
cy sweep of the synthesizer was computer controlled, and
digital signal averaging was performed as necessary.

For PL studies, photoluminescence was excited by a
Ti-sapphire laser and detected by a North Coast EO-817s
cooled germanium detector. ODMR spectra were
recorded by monitoring changes in the PL intensity syn-
chronous with on-oF amplitude modulation of the mi-
crowaves as a function of the static magnetic field. Spec-
tral dependence studies of the PL and the PL-Ol3MR
were performed by inserting a Jarrel-Ash, Mark X, —,

'-
meter monochromator with appropriate higher-order el-
imination filters before the detector, and were corrected
for the spectral response of the monochromator and
detector. For the PL-ODMR spectral response studies,
the difference between the signal on and off resonance
was taken to avoid unrelated background signals. For

ODENDOR studies, the change in ODMR intensity in-
duced by cw radio-frequency transitions was recorded on
the computer as a function of radio frequency.

III. MCD STUDIES

'(. 0 !.1 1.2 1.3
Magnetic field (T)

FIG. 1. MCD-ODMR spectra detected at A, =910 nm with

B!![100]for (curve a} as-grown p-type sample no. 2; (curve b)

electron-irradiated, originally p-type, sample no. 1A; and (curve
c) electron-irradiated n-type sample no. 5A.

Figure 1 shows representative MCD-ODMR spectra of
three samples from Table II. The spectra were measured
at -910 nm (1.36 eV) in the tail of an absorption band
peaking above the band gap.

They all show the characteristic doublet signature of
the P,„antisite, but close inspection revea1s differences in
the central hyperfine interaction, the g value, and the
linewidth of the ODMR resonance. The p-type sample
no. 2 is the only as-grown sample in the figure, and is the
particular sample previously studied by Jeon et al. , for
which it was established by ODENDOR that the ODMR
signal arises from the isolated antisite. Its antisite spec-
trum in curve a is centered at somewhat lower field and
has a slightly greater spacing between the dips of the dou-
blet than the remaining curves in Fig. 1. Therefore the g
value and central P-hyperfine interaction Ao deduced
from the antisite spectrum of the as-grown sample no. 2
are 1arger than the values measured in the other samples
illustrated in the figure, which are n type.

As-grown n-type samples are too lossy to allow
magnetic-resonance measurements which prevents direct
comparison between as-grown n- and p-type samples. A
typical result, however, for n-type material electron irra-
diated just enough to compensate for the shallow doping
is shown in Fig. 1 (curve c) for sample no. 5A. Further
irradiation of this material does not change the g and Ao
values significantly. Sample no. 1A of Fig. 1 (curve b),
originally p type but converted to n type through electron
irradiation (see below), shows similar g and Ao values.
These results and those of many other samples are col-
lected in Table II, where it is apparent that a11 the n-type
and semi-insulating materials display the similar smaller

g and Ao values.
The higher resolution of ODENDOR measurements
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serves to explain the origin of these spectral differences.
Figure 2 shows parts of the ODENDOR spectra for each
of the three samples of Fig. 1. The spectra were taken by
monitoring the characteristic P&„ODMR doublet in Fig.
1, with the magnetic field set to the low-field transition
and B~~ [100]. The shift of the resonance frequency versus
magnetic field 8 for all spectra is +9.3+0.5 MHz/T.
This is the nuclear gyromagnetic ratio of both of the " In
and " In isotopes which identifies all of the ENDOR
transitions as arising from an In shell around the P,„an-
tisite.

Figure 2 (curve a) shows the ODENDOR spectrum of
the as-grown p-type sample no. 2. The signal resonance
line at 23 MHz identifies it as arising from the first In
shell around the isolated antisite. The corresponding
nearest-neighbor 'P lines at —165 MHz which were ana-
lyzed in Ref. 8 are also present in the ODENDOR spec-
trum but not shown in the figure.

Electron irradiation of lightly doped p-type materials,
which converts them to n type, produces an entirely
different second-neighbor In shell ODENDOR spectrum,
revealing therefore a perturbed antisite structure. The
spectrum is characterized by two prominent peaks at
about 24 and 27 MHz, and is clearly distinguishable from
the one in the Fig. 2 (curve a). The angular dependence
of these partially resolved lines is very complex. At-
tempts to analyze it have been unsuccessful so far, but
suggest low symmetry. Figure 2 (curve b) shows the
ODENDOR signal of sample no. 1A produced by e irra-
diation of the p-type material no. 1 to a Auence of 3 X 10'
cm (converted to n type). At 165 MHz weak 'P lines
of the isolated antisite are observed in this sample. The
intensity of these lines is not correlated to the In lines at
24 and 27 MHz, however.

Hence we conclude that the In lines at 23 MHz of the
isolated antisite are also present in the spectrum of Fig. 2
(curve b) but buried in the strong new resonances. Figure
2 (curve c) shows the same spectral region for sample no.
5A of Fig. 1 (curve c) which is an n-type sample, electron

irradiated to just compensate for the shallow donors.
The ODENDOR signals are very similar to those of sam-
ple no. 1A in Fig. 2 (curve b). Again, weak P lines at 165
MHz, not shown in the figure, give evidence for the pres-
ence also of the isolated antisite in this sample. The cor-
responding 23-MHz In lines are not resolved. Further ir-
radiation of the n-type material no. 5 broadens and
changes the relative intensities of the two new peaks, in-
dicating that they each arise from different antisite-
related defects. We label them P,„X(24-MHz peak) and
P,„Y(27-MHz peak), the X and Y denoting a nearby per-
turbing impurity or other defect.

Figure 3 shows the spectral dependences of the ODMR
signals of three samples in which different antisite spectra
dominate as determined by ODENDOR. In Fig. 3 (curve
a), the spectral dependence of the ODMR signal is shown
for the as-grown sample no. 2, where the isolated antisite
was identified. Figure 3 (curve b) presents the spectral
dependence of the ODMR signal measured in sample no.
1A, in which the PI„X and P&„Fdefects dominate. This
sample has been electron irradiated to 3 X 10' cm

It has been established for the isolated antisite that the
peak of the MCD absorption band is above the band gap,
only the low-energy tail of the band being seen. The
spectral dependence of the perturbed antisites appears to
be similar. Therefore these two types of antisites cannot
easily be distinguished from the spectral dependence of
their MCD alone. In Fig. 3 (curve c), we also include the
MCD-ODMR spectral dependence of a heavily doped
(3X10' cm ) p-type sample no. 3 C which has been
heavily irradiated (P = 1 X 10' cm ). As shown in Table
II, this sample displays only the isolated antisite, but its
spectral dependence appears substantially different from
that of no. 2 in Fig. 3 (curve a). We will return to a possi-
ble explanation for this later in Sec. V.

Table II summarizes the ODMR and ODENDOR re-

(a)

I

i0 15 20 25 30 35 40
Radio frequency (MHz)

850
I I

950 1050
Wavelength (ntn)

ii50

FIG. 2. ODENDOR spectra with 8~~ [100]for the samples of
Fig. 1 in the same order. The spectra were measured with the
magnetic Geld tuned to the low-field ODMR transition.

FIG. 3. Spectral dependence of the MCD-ODMR signal for
three samples: (curve a) as-grown p-type sample no. 2; (curve b)
e-irradiated sample no. 1A; and (curve c) e-irradiated sample no.
3C.
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suits for the samples listed. From this we can conclude
that for the isolated antisite, g =2.000+0.003, and
Ao =980+30X 10 cm '. For the perturbed antisites,

g =1.990+0.005, and Ao =940+30X 10 cm
In an earlier study, ' we demonstrated in more detail

that the spectral shape and relative strength of the 24-
and 27-MHz peaks in the complicated ODENDOR sig-
nal are not constant, and depend not only upon the irra-
diation dose, but also the wavelength, and additional side
illumination which serves to alter charge states of defects.
This supplies further evidence that these two peaks arise
from different perturbed antisites. In that earlier publica-
tion, we also reported a careful study of the emergence of
the MCD and MCD-ODMR of the perturbed antisites in
n-type materials vs electron irradiation fluence. From
this study, it was concluded that the perturbed antisites
are not initially present in the as-grown material, but are
produced instead by the electron irradiation (as opposed
to being initially present but revealed by the irradiation-
produced change in the Fermi-level position). Further,
the presence of the 24- and 27-MHz lines in all of the
differently doped, electron-irradiated materials of Table
II reveals that the dopant atoms are not part of the per-
turbed antisites.

In the MCD-ODMR studies of the isolated antisite,
strong anisotropic ODENDOR signals were found in the
140—200-MHz range arising from the four nearest-
neighbor phosphorus atoms. (The lines collapse into a
single set at —165 MHz for B~~[100j, the conditions of
our measurements described here. ) No corresponding
lines have been detected in this region for the perturbed
antisites. We now explore the reasons for this failure: In
addition to differences in the g values and central
hyperfine interaction constants Ao, the linewidth of the
ODMR transitions is slightly larger for the Pi„X and
P&„P antisite defects than for the isolated one. Since the
linewidth represents unresolved hyperfine interactions
with neighboring In and P shells averaged over the un-
paired electron wave function of the defect, this
difference may be used to make a rough estimate of the
frequency position expected for the P ODENDOR lines
of the perturbed antisites. In the following, for simplici-
ty, we treat P,„Xand P,„Yas a single defect.

The S =
—,
' spin Hamiltonian describing the ODMR

spectrum of the P antisite can be written as

cleus, and the ith-neighbor nuclei, respectively, and

(4)
~ ~

where g is a unit vector along B.
Adding to Eq. (2) the Zeeman interaction of the nuclei

with the central field B, the Am;=+1 ENDOR transi-
tions for the neighboring i nuclei become, to the same or-
der of approximation,

1 p;v. =—A M — BIl

where p; is the magnetic moment, and I; the nuclear spin
of the ith nucleus. Since p,. is known to be positive for" '" In and 'P, Ao and A, must be positive. This in
turn reveals that the ENDOR transitions are being ob-
served in the M, = —

—,
' state, the observed frequencies be-

ing larger than p;B/I, .h in each case. The ODENDOR
measurements were made with 8~~ [100j, and tuned to the
low-field mo=+ —,

' transition at 1.8 T (Fig. 1). With Eq.
(5), the transitions at 23 and 165 MHz for the isolated an-
tisite therefore correspond to Ai„/h =+23 MHz, and
3p/h =+285 MHz. The average position of the In lines
for the combined perturbed antisite structure (Fig. 2,
curves b and c) around 26 MHz corresponds to
( A,„)/h —+29 MHz.

Equation (3) describes the me=+ —,
' resolved central

hyperfine splitting observed in the ODMR spectrum, as
well as the broadening of the two lines that arises from
unresolved hyperfine interactions with the remaining
neighbors contained in the last term. We now show that
this last term can be used to provide a rough estimate of
an average nearest-neighbor P value ( Ap/h ) for the
new antisite structures.

If the nearest-neighbor P shell is intact for both an-
tisites, the combination of four equivalent P atoms would

8 =gps S.B+A oIo.S+ $ I; ~ J;.S,
l

(2)
~ P4

Q

where the first term describes the Zeeman interaction of
the electronic spin with the external field B, the second
term the hyperfine interaction with the central P atom,
and the last term the interaction with nuclei on neighbor-
ing atomic sites. For the AM&=+1 ODMR transitions,
accurate to first order in Ao/g p~B, A; /g p~B, this gives

C

-500 0 500
Magnetic field (Gauss)

gPa
hv —Homo —g A, m, (3)

where v is the microwave frequency (35 GHz), mo and m;
are the azimuthal quantum numbers for the central P nu-

FIG. 4. Simulated line shapes for the isolated antisite (dashed
curve, using Az/h =285 MHz and A&„/h =23 MHz) and the
perturbed antisite (circled points, using ( A~ ) /h =360 MHz
and ( 2,„)/h =29 MHz}. The solid curve gives the experimen-
tal result for the perturbed antisite measured in electron-
irradiated sample no. 8C.
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2.000
Pi„X,Pq„F 1.990

980+20
940+30

23
29

285
—360

340+ 15
410+ 15

give five ODMR lines with intensity ratio 1:4:6:4:1for B
in the [100] direction. We assume that each of these lines
is in turn broadened primarily through interaction with
the 12 I =—', In nuclei in the second-neighbor shell. Using
the values 2,„/h=23 MHz, and Ap/h=285 MHz, a
good fit is found to the full width at half maximum
(FWHM) linewidth of 340+15 G, which matches with
the value measured for the isolated antisite in the as-
grown p-type sample no. 2. The dashed curve in Fig. 4
shows the simulated line shape.

Next we insert the larger value of ( 3,„)/h =29 MHz
and use ( Ap)/h as a fitting parameter to obtain the
FWHM linewidth of the ODMR transitions of the per-
turbed antisites, 410+30 G. In order to account for this
linewidth, we arrive at ( Ap ) /h= 360 MHz, which gives
the circled points in Fig. 4. The figure also includes the
experimental line shape for a typical n-type sample (sohd
line). The value obtained for ( Ap)/h corresponds to
ENDOR transitions around 200 MHz under the above
conditions. Close inspection indeed reveals faint struc-
ture around 200 MHz, which appears to show a p/Ih
field shift close to that of P. However, the lines at present
are far too weak to study their angular variation and ex-
tract the symmetry information that they contain.
[There are several reasons that can account for their
weakness. In the first place, there are at least two per-
turbed defects, each with reduced symmetry, so that their
four phosphorus neighbors are no longer equivalent and
the intensity is divided therefore between several com-
ponents. Second, our eKciency in getting higher radio-
frequency magnetic fields into the cavity is believed to be
greatly reduced, due either to the geometry of our rf coil
in the cavity or to exceeding the stated range (180 MHz)
of the ENI 3100LA amplifier. Evidence for this is found
in the angular dependence of the isolated antisite, where
the intensity was found to drop dramatically above -200
MHz. ] Table III summarizes these values for the isolated
and perturbed antisite structures.

IV. PHOTOLUMINESCENCK

Figure 5(a) shows the PL spectrum of the as-grown p-
type sample no. 2 ([Zn]=1.2X10' cm ) when excited
at 1.405 eV (obtained by a tunable Ti-sapphire laser),
which is just slightly below the band gap (1.424 eV). The
spectrum appears to consist of two photoluminescence
bands. One band has a peak around 0.9 eV. Another
band has a relatively weaker peak around 1.1 eV. Both
bands are broad and overlap each other. The identical
but more intense photoluminescence bands are observed
in the more heavily doped p-type, as-grown sample no. 3.

TABLE III. Summary of values characterizing the antisite
defects in the study.

(a,„) (a, )
Defect g value Ao

[10 cm '] [MHz] [MHz]

0.3

gj
0.0

+Oh

cl
Q

—0.3 I . I I I I

0.7 0.8 0.9 1.0 1.1 1.2 1.3
Energy (eV)

FIG. 5. Emission spectral dependence of as-grown p-type
sample no. 2: (a) PL; (b) PL-ODMR. The excitation energy was
1.405 eV, the modulation frequency 500 Hz.

In both samples these luminescence bands are rapidly
quenched by electron irradiation.

When monitoring the PL in either sample, a strong
PL-ODMR antisite signal is detected. In Fig. 5(b), the
spectral dependence of the PL-ODMR signal detected at
500-Hz (microwave on-off) modulation frequency is
presented. The spectral dependence of the PL-ODMR
signal differs from the PL spectrum in several respects.
First, a positive PL-ODMR signal peaks at -0.88 eV,
lower in energy than the peak in the PL at -0.93 eV.
We label the -0.88 eV antisite-related band as band A.
Second, a negative ODMR peak, labeled B, is present at
—1.1 eV, close to the position of the weaker PL band but
with strength greater than A. Third, and more impor-
tantly, the ODMR resonance arising from the A lumines-
cence band increases the PL intensity (the change of the
PL is positive), whereas the ODMR resonance arising
from the B band decreases the PL intensity (the change of
the PL is negative).

Figure 6 shows the ODMR spectra which correspond
to the diff'erent emission bands shown in Fig. 5(b). A
monochromator has been inserted in front of the detec-
tor, so that the 2 and B bands are monitored separately.
The spectra are taken at a microwave modulation fre-
quency of 12 Hz. Figure 6(a) presents the ODMR spec-
trum when monitoring the A band. The microwave-
induced change in the photoluminescence shows the
characteristic two-peak antisite spectrum and gives a pos-
itive increase in luminescence. Each peak has a FWHM
of about 350 G. The spectrum is still detectable as the
modulation frequency is increased to 5 KHz. The best
signal to noise ratio is obtained with an excitation power
density between 0.05 and 0.3 W/cm . The signals are sa-
turated when the excitation power density exceeds 0.3
W/cm . Figure 6(b) presents the ODMR signals when
monitoring the B band. The microwave-induced change
causes a decrease in the luminescence. The ODMR sig-
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FIG. 6. ODMR spectra of the antisite at 12-Hz modulation
frequency. (a) Detected in the A band {FWHM of —350 G). (b)
Detected in the 8 band (FWHM of —SOO G).

FIG. 7. Spectral dependence of the antisite PL-ODMR signal
with modulation frequency of 12 Hz: (a) A,„=890nm (1.39 eV);
(b) X„=882 nm (1.41 eV); (c) k„=866 nm (1.43 eV), slightly
higher than the band gap (1.424 eV).

nal of the B band displays a somewhat flatter top with a
FWHM of about 500 G. The best signal to noise is ob-
tained with an excitation power density between 0.01 and
0.04 W/cm . The signals are saturated rapidly when the
excitation power density exceeds 0.04 W/cm . The sig-
nals decrease rapidly when the excitation power density
exceeds 0.04 W/cm . The signals decrease rapidly as the
modulation frequency is increased, the signals becoming
very weak and difricult to detect beyond —500 Hz. The
ODMR line shape and linewidth seen in each band are
independent of the microwave power, and afFected only
slightly by the power of the excitation. The position of
the ODMR signal for each is unchanged, and the g and
3o values appear characteristic of the isolated antisite.

The relative strength of the two PL-ODMR signals,
observed in these two bands, depends greatly upon the
excitation energy and the modulation frequency of mi-
crowaves. One of the important observations is that PL-
ODMR is detected simultaneously in both A and B
bands only with the excitation wavelength within the nar-
row range from 890 to 872 nm (1.39—1.42 eV). This is
demonstrated in Fig. 7, which presents the spectral
dependence of the antisite PL-ODMR signal under
difFerent excitation wavelengths for sample no. 2, ob-
tained in the same way as for Fig. 5(b), with the exception
that the microwave modulation frequency is now 12 Hz.
Figure 7(a) was detected with 890-nm excitation ( —1.39
eV), and the spectrum is dominated by the PL-ODMR
band A. There is only a very weak sign of the PL-
ODMR band B. In Fig. 7 (b), the excitation wavelength
is 882 nm ( —1.40 eV). Here the relative strength of the
two ODMR bands has changed dramatically, the spec-

trum being dominated by the 8 band. [Note that in Fig.
5(b), with the identical excitation condition, the 3 band
is more prominent. This rejects the efFects of the modu-
lation frequency, which in that case was 500 Hz. ] Figure
7(c) gives the spectral dependence of the PL-ODMR sig-
nals with 866 nm ( —1.43 eV) excitation, slightly higher
than the InP band gap.

PL-ODENDOR was performed to examine the possi-
bility that difFerent antisite defects give rise to the
difFerent PL-ODMR and MCD-ODMR signals The re-
sults are presented in Fig. 8, in which the ODENDOR
signal of the In shell was monitored. All spectra were
detected in the as-grown sample no. 2. In both the MCD
and PL cases, the magnetic field was tuned to the low-
field ODMR resonance. Figure 8 (curve a) presents the
ODENDOR signal of the In shell, but monitoring the
MCD absorption at 910 nm. Figure 8 (curve b) presents
the ODENDOR signal, but detecting it in the 0.88 eV
PL-ODMR A band shown in Fig. 5(b). Figure 8 (curve
c) presents the ODENDOR signal, but detecting it in the
1.10 eV PL-ODMR B band. The PL-ODENDOR signals
shown in Fig. 8, curves b and e are identical with curve a,
which was previously shown to represent the undistorted
nearest-neighbor In shell of the isolated antisite. The
PL-ODENDOR measurements reveal therefore that the
PL-ODMR signals arising from both the A and B
PL-ODMR bands arise from the isolated antisite.

In the case of the more heavily doped as-grown p-type
sample no. 3, again the ODMR spectra for the A and B
bands show similar characteristics to sample no. 2, and
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the PL-ODENDOR reveals the isolated antisite. Howev-
er, the PL-ODMR strength of the 8 band is much weaker
than that of sample no. 2. (The 165-MHz nearest-
neighbor phosphorous signals are also present in the A
spectrum, but are absent in the B spectrum. ) This proves
the remarkable fact that the paramagnetic state of the
isolated antisite is indeed observed both in absorption
and in two separate PL-ODMR bands in the as-grown p-
type sample no. 2. This is not the case for the more
heavily doped p-type sample no. 3, for which
PL-ODENDOR reveals the isolated antisite, but MCD-
ODMR is absent. In the lightly doped as-grown p-type
sample no. 1, PL-ODMR is absent.

Figure 9 gives the excitation spectral dependence of the
PL-ODMR signals of the isolated antisite for sample no.
2, while monitoring the total PL ( A +B bands). The ex-
citation source was a Ti-sapphire tunable laser pumped
by an argon-ion laser. Low excitation power was used in
order to avoid saturation of the PL-ODMR signals, and
the PL-ODMR signal intensity was normalized to a con-
stant excitation power.

Figure 9(a) was taken at microwave modulation fre-
quency of 1.1 KHz. From the study of the emission spec-
tral dependence of the PL-ODMR signal shown in Figs.
5(b) and 7, we know that Fig. 9(a) is related to the
ODMR spectrum A shown in Fig. 6(a). The spectrum
shows a strong excitation peak near the band-gap region,
but also significant excitation in the 1.24—1.38-eV range.
The 1.24-eV excitation is the limit of our titanium-
sapphire tunable laser. Extrapolation of the data indi-
cates an excitation threshold to observe the ODMR spec-
trum A at —1.20 eV. (The decrease in the strength of
the PL-ODMR signals when the excitation energy
exceeds the band gap presumably rejects the reduced
penetration of the light. ) Figure 9(b) was detected at a
microwave modulation frequency of 12 Hz. Again, the

FIG. 9. Excitation spectral dependence of the PL-ODMR
signals for sample no. 2: (a) 1.1 KHz modulation: (b) 12-Hz
modulation, with inset at higher gain in the 1.26—1.39-eV re-
gion.

spectrum shows a strong excitation peak near the band-
gap region, but in this case it is negative (decrease in PL).
A weak but measurable positive excitation in the
1.24—1.38-eV range is also observed. Figure 9(b) there-
fore consists of two contributions. One contribution is
related to ODMR spectrum A, which makes a positive
increase in the PL. However, when the excitation energy
exceeds 1.39 eV, another contribution arising from
ODMR spectrum B, as shown in Fig. 6(b), starts to dom-
inate and obscure the contribution from A. On the other
hand, ODMR spectrum 8 is not detectable at the 1.1-
KHz modulation frequency of Fig. 6(a). It is evident that
ODMR spectrum 8 arises from an e%cient recombina-
tion center, which competes strongly with that giving rise
to ODMR spectrum A. The microwave-induced transi-
tion causes a strong decrease in the B PL. The excitation
threshold to detect ODMR spectrum B is accurately es-
timated to be —1.39+0.01 eV. Shown with expanded
vertical gain in the inset of Fig. 9(b) is the excitation spec-
trum of the positive A ODMR signal. It is clear here, at
12-Hz modulation, that the excitation threshold has shift-
ed to lower energies than that ( —1.2 eV) estimated in
Fig. 9(a) for 1.1-KHz modulation.

Figure 10 presents the emission spectral dependence of
the PL-ODMR signals at two different excitation ener-
gies; (a) 1.34 and (b) 1.39 eV, for modulation frequency at
(I) 1.1 KHz and (II) 12 Hz. These excitation energies
are below the threshold for the B luminescence (see Fig.
9), and the curves therefore refiect the A spectral depen-
dence. The solid curves, indicated within the spectra, re-
sult from Gaussian smoothing. Two features are ob-
served in the figure: (1) for a given excitation, as the
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FIG. 10. Spectral dependence of the PL-ODMR at two
di6'erent excitation energies below the threshold for B PL: (a)
1.34 and (b) 1.39 eV, for modulation frequencies at (I) 1.1 KHz
and (II) 12 Hz,

modulation frequency is decreased, the peak position of
the A band shifts to lower energies; (2) at a fixed modula-
tion frequency, the peak position of the 3 band shifts to
higher energies with an increase in the excitation energy.
The maximum shift of the peak position is -0. 1 eV.
[The high-energy onsets of the curves also indicate a shift
in the same sense as expected vs modulation frequency
and excitation. However, the apparent onset could be
affected by a small negative contribution from the
PL-ODMR band B—particularly evident in curve II of
Fig. 10(b)—and is therefore less accurate. There is no
significant contribution from B near the A peak, and the
peak determination should be reliable].

As described earlier in this section, the width of each
of the B-band PL-ODMR lines, Fig. 6(b), is significantly
greater than that observed in the A band or by
MCD-ODMR (500 vs 350 G). This is unexpected, since
we have established that all three arise from the isolated
P;„antisite. To explain this, we suggest that the radia-
tive lifetime of the recombination process plays a major
role. As described earlier in this section, ODMR spec-
trum B is strongest at low modulation frequencies. It has
been established in previous studies ' that the modula-
tion frequency for maximum ODMR signal, co, can be a
direct measure of the lifetime of the rate-limiting process
of the photoluminescence, with ~-1/co . Therefore,
this result reveals a significantly longer lifetime in either
the excited radiative state for B, or in some intermediate
state involved in the generation process for it, as com-
pared to A.

In general, the linewidth of an EPR transition is
broadened primarily from unresolved hyperfine interac-

tions (inhomogeneous broadening), as discussed in Sec.
III. In the usual case, the lifetime in the radiative
paramagnetic state is shorter than that of nuclear-spin re-
laxation. Under the microwave resonance condition,
therefore, the ODMR resonance saturates only a specific
spin packet of the inhomogeneously broadened line
(which is the envelope of all such packets), "burning a
hole. " The specific spin packet represents one particular
value of the local field to which many nuclei contribute.
In the case of the isolated antisite, the major source of
line broadening arises from hyperfine interaction between
the electron and the four equivalent I=—,

' phosphorus
nearest neighbors, which gives five unresolved ODMR
lines with intensity ratio 1:4:6:4:1for Bii[001]. Each of
these lines is broadened in turn through interactions be-
tween the electron and the 12 I=—,'In next-nearest neigh-
bors. This is the case calculated successfully in Sec. III
for the MCD-ODMR spectra.

However, if the lifetime in the excited Pi„paramag-
netic state is long enough to be comparable with or
longer than that of nuclear-spin relaxation, the absorbed
microwave energy is not confined to a specific spin pack-
et, but can spread out to other packets as the nuclei flip
and change the local field seen by each defect. This ener-
gy "diffusion" tends to equalize the intensity ratio for the
five unresolved ODMR lines, producing a broader flat-
topped line, because saturation of all can be accom-
plished by tuning to any of them. There is a consequent
increase in the ODMR intensity, and a corresponding de-
crease in the ODENDOR intensity. This explains the B
spectrum in Fig. 6(b), where the linewidth and shape of
the ODMR transitions have changed in this fashion.
Also, as demonstrated in Fig. 9, the strength of ODMR
spectrum B is —10 times larger than that of ODMR
spectrum 3, but the strength of the In ODENDOR sig-
nal of the 1.1 eV B band remains comparable to that of
the In ODENDOR signal of the 0.88-eV B band. At the
same time, the 165-MHz nearest-neighbor phosphorus
signals are absent in the 8 band. This is evidence that all
spin packets separated by the nearest-neighbor P spin
flips are saturated under the electron-spin resonance for
band B, and it is the near-neighbor phosphorus nuclear
relaxation that is short enough to be comparable to the
P,„+ lifetime.

V. DISCUSSIGN

A. Model for the photoluminescence

1. A band

The P&„antisite, as a double donor, introduces two en-
ergy levels in the band gap, Pi„+~Pi„+ and
Previous studies have detected antisite-related PL-
ODMR only in the 3 photoluminescence band peaking
at 0.8 —0.9 eV. In these studies, consistent with the
results described here, the resonance was reported to be
strong in as-grown Zn-doped samples with hole con-
centration in the range 10' —10' cm . A P&„+ PL-
ODMR resonance has also been reported in as-grown
samples with hole concentrations as high as 5.6X10'
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cm . When electron irradiated to a fluence of 3 X 10'
cm, such samples still showed the ODMR resonance in
PL. ' The same samples did not exhibit MCD-ODMR
in the as-grown condition, but a detection onset at an ir-
radiation dose of 3 X 10' cm was reported. ' Conse-
quently, for e-irradiation fluences between 3 X 10' and
3X10' cm these samples showed a P,„+ resonance
both in emission (PL) and absorption (MCD). The re-
ported PL-ODMR signal was weak, however, and the
possibility of the two antisite resonances being different
was not addressed in the early literature.

Since the isolated antisite P,„+ is an electron-spin- —,
' de-

fect, we conclude that the origin of the 3 band is donor-
acceptor (DA) pair recombination between an electron at
the phosphorus donor and a hole at the zinc acceptor,

I

J

I

/ 5
/

I

I
/

I
1

I '~x5

P,„++A ~Pi„++A +hvar(A) . (6)

This conclusion is supported by several pieces of experi-
mental evidence. First, in our study, as well as in the ear-
lier studies, the antisite-related PL is only observed in
p-type materials. Second, the strength of the PL in-
creases as a function of the acceptor concentration. Fi-
nally, the shallow Zn acceptor resonance has recently
been detected by ODMR in the 0.8—0.9-eV band by the
application of uniaxial stress, directly confirming its role
in the DA recombination process. ' For donor-acceptor
pair recombination, the recombination energy (h vpL) is
given by

ne
hvpL=Es (E~ +En )+ E

c.r
(7)

where E~ is the band-gap energy, Ez and Ez are the ion-
ization energies of the acceptor and the donor, respec-
tively, E is the static dielectric constant, n,e the charge on
the donor in the ground state, and r the separation of the
donor and the acceptor. E„& is the relaxation energy.

A characteristic feature of DA emission is a shift of the
PL-ODMR band to higher energies with increasing
modulation frequency of the microwaves because of the
shorter radiative lifetime of the close pairs (which have a
larger Coulomb term ne /er). In the case of the A band,
this feature is demonstrated in Fig. 10. In Figs. 10(a) and
10(b), the peak of luminescence shows a -0.05-eV shift
vs the modulation frequency. A comparison of Figs.
10(a) and 10(b) reveals a similar shift vs excitation energy,
as also expected for DA luminescence. The spectra taken
at 1.1-KHz modulation frequency and the higher excita-
tion energy reflect the close donor-acceptor pairs,
whereas the spectra taken at 12-Hz modulation frequency
and the lower excitation energy reflect the more distant
donor-acceptor pairs.

Figure 11 represents a combination of the ODMR
emission and excitation spectral dependences of the iso-
lated antisite A band in sample no. 2. In the figure, (I)
duplicates the emission spectral dependence of ODMR
spectrum A shown in Fig. 10, and (II) duplicates its exci-
tation spectral dependence shown in Fig. 9. The solid
curves, taken at 1.1 KHz, reflect the close donor-acceptor
pairs. The dashed curves, taken at 12 Hz, reflect the
more distant donor-acceptor pairs. We see that for the

0.0
0.6 O. B 1.0 1.2 1.4

Energy (eV)

FIG. 11. Emission (I) and excitation (II) spectra, summa-
rized from Figs. 9 and 10, for the 3-band PL-ODMR in sample
no. 2. The solid lines taken at 1.1-KHz modulation (and 1.39-
eV excitation for the emission spectrum) reflect the closer
donor-acceptor pairs. The dashed lines, taken at 12-Hz modula-
tion (and 1.34-eV excitation), reflect the more distant pairs.

where E(P,N+ +) is measured from the valence band
edge. At a Zn doping level of —10' (sample no. 2), a
maximum average distant DA pair separation can be es-
timated to be —

—,'(10 "/10' )' -200 A. For this separa-
tion, the Coulomb term 2e /er-0. 01 eV is negligible
and can be ignored for the distant pairs. For the excita-
tion, the direct acceptor-to-donor transitions are prob-
ably weak, the spectral dependence obtained reflecting
primarily transitions from the high density of states at
the top of the valence band. For this, therefore, the ac-
ceptor level position is not involved, and

hv, „,—=E(P,„+ +)+ E„i . —2e
(9)

For both luminescence and excitation, the onset is given
by E„i=0 (zero phonon transition). With Eqs. (8) and
(9), the average onset deduced from comparison of the ex-
citation and luminescence spectra becomes

2e
h v,„„,=E(Pi„+ )+ —0.023 eV . (10)

Ignoring the last two terms which are small and partially
canceling, the 1.1-eV onset deduced for the distant pairs
leads to an estimate for the isolated P&„+ + level posi-

close pairs the high-energy detection limit of the PL-
ODMR signal almost coincides with the low-energy limit
of the excitation spectrum at about 1.2 eV. For the dis-
tant DA pair, the limit is shifted to —1. 1 eV.

We use Eq. (7) to estimate the energy positions of the
Pi„+/Pi„+ level. We insert n = 2, and, with the binding
energy, -46 meV of the Zn acceptor, Eq. (7) simplifies to

2e
hvpL= E(P,„—+)+ E„i—0.046—eV,
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FIG. 12. Level structure deduced for the isolated P&„antisite.
The energies indicated for the excitation thresholds (vertical ar-
rows) give the level positions. The energies indicated for the
luminescence transitions are for the maximum of each transi-
tion, and therefore difFer due to lattice relaxations (Stokes
shifts).

tion of Ev+1.1+0.1 eV. The peak of the luminescence
band at 0.85 eV reveals an average E„&-0.25 eV in the
transition. This energy, which is the difference in the re-
laxation energies between the excited P,„+ and ground
P,„+states, is close to that estimated in the similar case
of isolated Po, in GaP (Ref. 14) and therefore appears
reasonable. These results are summarized in the energy
level diagram of Fig. 12.

2. B band

ODMR spectrum B arises from an efficient recombina-
tion process that is in competition with the A lumines-
cence. This suggests for the B luminescence DA pair
recombination with another donor state, higher in the
band gap than the P&„+/P&„+ level,

D +A ~D++A +hvp„(1. 1 eV) .

This donor could be unrelated to the antisite, the com-
petition arising from the limited number of A states
with which the two donors (D and P,„+)can recombine.
However, this does not explain easily why the negative
P&„ODMR signal seen in the 1.1-eV luminescence
arises from the isolated antisites with very long lifetimes
(far removed from acceptors), as concluded in Sec. IV.
On the other hand, it can be explained easily if the D
state is isolated P,„. In this case, the sharp excitation
onset at 1.39 eV corresponds to the excitation of an elec-
tron from the valence band to the P~„+ level, as shown
in Fig. 12. For this to occur, the antisite must already
have been excited into the P&„+ state and have a long
enough lifetime for the second excitation, thus favoring
those far removed from acceptors. ODMR transitions at
these PI„+ states increase the A-band luminescence, but
decrease the B-band luminescence by decreasing the

h v„,+PI„++A Pr„+ A (13)

generating the P,„state. The reverse recombination pro-
cesses produce luminescence A

P,„++A ~P,„+3 +hvpL(A),

and B.
(6)

P,„+A ~P,„++A +hvpL(B) . (14)

QDMR transitions for P,„+ enhance Eq. (6), decreasing
the concentration of P,„+ and hence the generation of
P&„via Eq. (13). The subsequent B luminescence via Eq.
(14) therefore decreases. The B luminescence comes pri-
marily from antisites far removed from acceptors which
have the longer lifetimes for their photogenerated P,„+
states. As a result, the negative P,„+ ODMR signal ob-
served in the B luminescence is seen at low modulation
frequencies and displays broader lines, the P,„ lifetime
becoming comparable to nuclear relaxation times.

B. P&
+ MCD in p-type material

The isolated antisite is observed via PL-ODMR and
PL-ODENDOR in the as-grown sample no. 2. At
the same time, the isolated antisite is detected via
MCD-ODMR and MCD-ODENDOR in the same sam-
ple. This unexpected result was pointed out by us in an
earlier study, ' before we were aware of the significance
of the B band and its negative ODMR signals. It was not
expected for the following reasons: Optica1 detection of
magnetic resonance is possible when the intensity of a

steady-state concentration of P&„+ states for the B-band
excitation. Since the excitation is at the antisite far from
acceptors, no Coulomb correction is needed and the
Pj„+ level position is estimated to be E~+1.39+0.03
eV. The peak of the luminescence at 1.1 eV implies again
a lattice relaxation of -0.03 eV for this transition also.
(Such a large relaxation energy is not normally expected
for a shallow donor state. If our interpretation is correct,
the P,„state must therefore be shallow only in the elec-
trical sense and deep as regards its electron localization
and accompanying lattice relaxation. ) These results are
also indicated in Fig. 12.

We note that the 1.39-eV excitation threshold might al-
ternatively be assigned to the acceptor (Ez+0.046 eV) to
conduction-band transition, the electron produced subse-
quently being trapped at the Po

+ level. To account for
this possibility, which would imply a somewhat shallower
P&„+ level but still in the band gap, we place the
+0.03-eV uncertainty estimate on its level position.

Here we summarize our model. There are a fixed num-
ber of isolated antisite defects, each of which exists in one
of three possible charge states at any one time: P,„,
P&„+, and PI„+. In p-type material, P&„+ is the stable
state before excitation. For photoexcitation h v) 1.1 eV,
P,„+ is generated by

h v,„,+Pi„++A —+Pi„++A

For photoexcitation h v) 1.39 eV,
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transition can be affected by changing the spin of a
paramagnetic initial state. Optical absorption usually
takes place from a stable ground state of a defect,
whereas emission is from an excited state to the ground
state. Therefore the same paramagnetic state cannot be
an initial state in both absorption and emission unless it is
an excited state from which both radiative recombination
and absorption can take place.

We illustrate this with the optical transitions involv-
ing the P&„+ state of the isolated antisite defect. The
MCD-ODMR signal is detected as a resonant decrease of
the difference between optical absorption of right and left
circularly polarized light in the following transition from
the paramagnetic P,„+ state:

P,„++h v~(P,„+)*, (15)

where (P,„+)' is an excited state of P,„+. Obviously this
transition is expected to be strong when P,„ is the stable
state in thermal equilibrium but weak or absent when the
diamagnetic Pi„+ state is the stable one. The PL-
ODMR signal, on the other hand, is detected as a reso-
nant change in the intensity of a radiative recombination
from the paramagnetic P&„+ state. For donor-to-acceptor
recombination in p-type material, P,„+is the stable state
and the A luminescence arises from radiative return of
the hole to the excited P,„+ state, described by Eq. (6).

Therefore we argued that the only way that the isolat-
ed antisite defect could reveal its P,„paramagnetic
charge state in both absorption and luminescence in the
same p-type sample would be via a two-step excitation. '

If, for example, as illustrated in Fig. 12, light with energy
corresponding to the absorption cross section of the
MCD band in the band gap were capable of ionizing the
diamagnetic P&„+ state of the isolated antisite to the
paramagnetic P,„+ state as in Eq. (12), one could then
also measure MCD via Eq. (15) provided that the pho-
toexcited P&„+ state has a long enough lifetime. The life-
tirne of P&„+ depends on the concentration and distribu-
tion of acceptors to which radiative recombination from
this state can take place according to Eq. (6). This
recombination is fast for close P&„+ acceptor pairs, ex-
plaining why we do not observe MCD adsorption in more
heavily doped samples except when electron irradiated.

We now know that this is correct. The A-band PL ex-
citation studies in Fig. 9(b) establish the threshold at
—1.1 eV for the isolated antisite, and therefore the
higher energy 900—1000-nm light used for the MCD
studies does indeed generate P,„+ according to Eq. (12).
That there are distant P&„-acceptor pairs of sufficiently
long lifetime to generate a steady-state population of
P&„+ under excitation is therefore confirmed both by the
MCD experiments and the negative B-line ODMR sig-
nals, which together provide additional confirmation of
our Pt„ interpretation of the B luminescence.

[The fact that P,„+ is seen in MCD via a two-state pro-
cess in p-type material can also supply an explanation for
why the spectral dependence of the isolated P&„+
MCD-ODMR of electron-irradiated sample no. 3C in
Fig. 3(curve c) appears to be shifted to lower energy than
in the as-grown more lightly doped material. Electron ir-

radiation produces strong absorption near the band edge,
which reduces strongly the excitation intensity in this
spectral region which is essential to generate the P&„+
state in this heavily doped material, presumably still p
type j

We conclude, therefore, that the 900—1000-nm light
used in the MCD studies (see Fig. 3) does indeed serve to
photoionize P,„+ of the isolated antisite in the p-type
material, producing the P,„and its MCD adsorption via
a two-step process. Hence the fact that the MCD-
ODMR signal is observed in p-type InP does not contra-
dict its detection in the PL bands.

C. Model for the perturbed antisites

(P + —A ) +h+~(P, + —A )+ (16)

because, in contrast to the P&„+ state of the isolated an-
tisite, which repels the photoexcited hole, the hole is not
repelled from the (P,„+—A ) state. Accordingly, it
should have a shorter lifetime than the paramagnetic
state of the isolated antisite. Photoexcitation is therefore
unlikely to build up enough population of the
(P,„+—A ) state that two-step MCD absorption can
take place in p-type material. In n-type material, howev-
er, the neutral state is the stable state.

The level positions of the P~„Xand P,„Yantisite defects
cannot be determined from the present data. However,
there are a few indications in the data which suggest that
the P&„+/P&„+ level of the perturbed antisites is higher
in the band gap than the corresponding level of the isolat-
ed antisite. First, the ODMR signals of these antisite de-
fects are only observed in originally n-type samples, or
ones that have been electron irradiated to become n type.
Second, the perturbed antisites seem to be shallower than
the isolated one, as judged from the hyperfine interaction
of the bound electron in the nearest-neighbor shells
(Table III). The central hyperfine interaction on the P,„
core is smaller for the combined perturbed antisites,
940X10 cm ' instead of 980X10 cm ' for the iso-
lated one. A corresponding increase is observed in the
ligand high-frequency (hf) interaction with the nearest-
neighbor P and In shells. The hyperfine coupling con-
stant A &„ is 26% larger for the perturbed defects than for
the isolated one, and the corresponding increase we have
estimated for the four P neighbors is 25%. This exten-
sion of the electron wave function from the central Pj„ to
its neighbors is consistent with a corresponding reduction
in the electron binding energy.

From the experimental data a logical model for this an-
tisite structure seems to be a PP4 configuration with a dis-
turbed nearest-neighbor In shell. A substitutional accep-
tor in the In shell agrees with most of our observations.
For example, a close P,„-A,„pair is likely to be a fast
recombination center from which a two-step excitation is
unlikely. Indeed, we never see MCD signals from this
center unless the material is n type. The lifetime of the
photoexcited (P,„+-2 ) paramagnetic state in p-type
material can be expected to be short and dominated by
the reverse hole recombination process
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Also, a negatively charged acceptor 2 in the
nearest-neighbor In shell will raise the P&„+/P&„+ level
position significantly compared to that of the isolated an-
tisite. The Coulomb repulsion e /er from the negative
acceptor experienced by a bound electron can be estimat-
ed to be -300 meV for the P,„-A distance 0.36 nm. Such
an upward shift would be expected therefore for the lev-
els of a P&„-A defect, in which case its
(P,„+—A ) /(P,„—3 )+ level could be quite close to
the conduction-band edge.

Our earlier studies' in different n-type starting materi-
als have provided strong evidence that the perturbed an-
tisite defects are not present initially in the materials but
are being produced by the irradiation. This suggests that
the acceptor may be an In vacancy in the second neigh-
bor shell.

VI. SUMMARY

In the present study we have measured a large number
of InP samples representing different combinations of n-
and p-type shallow doping and irradiation doses. The re-
sults are summarized in Table II. We have observed
more than one antisite structure in InP, one of them be-
ing the isolated P,„antisite. The others are unidentified
antisite defects characterized in ODENDOR measure-
ments by a distortion in a near-neighbor shell.

ODENDOR signals of the isolated antisite have been
found alone in the as-grown lightly doped p-type sample
no. 2 via both PL and MCD, and also in the more heavily
doped p-type starting material no. 3 via PL-ODENDOR
for the as-grown material, and MCD-ODENDOR after
electron irradiation. They are also observed weakly in
electron-irradiated n-type starting material together with
signals from the perturbed antisites. The MCD-ODMR
values characteristic of samples which show only the
OD ENDOR spectrum of the isolated antisite are
g =2.000+0.003, and Ao=(980+30)X10 cm ' with
a half-width of 350+30 G for each of the two central
phosphorus hf lines.

The perturbed antisites dominate the MCD-ODMR
and MCD-ODENDOR in electron-irradiated n-type InP,
but have also been observed with similar intensity in
moderately doped p-type or semi-insulating starting ma-
terial that has been converted to n type by electron irra-
diation. The values characteristic of samples which show
only the MCD-ODENDOR spectrum of the perturbed
antisite are g =1.990+0.005, and Ao =(940+30)X 10
cm with a half-width of 410+30 G. As illustrated in
Table II, some samples show all of the antisite signals
simultaneously in ODENDOR. This situation is also
rejected in the g and A 0 values, which tend to be a mix-
ture of the above extreme values and consequently fail to
tell unambiguously which antisite defect is present. We
see for example that the ODMR signals in Fig. 1 are
rather similar, although the differences in the correspond-
ing ODENDOR signals in Fig. 2 which were measured in
the same samples are quite apparent.

Photoluminescence in as-grown p-type InP materials
reveals two ODMR bands, peaking at 0.8 —0.9 and 1.1
eV. Our studies show that these two bands arise from
two competitive recombination processes, one, labeled 3,
giving rise to a positive ODMR antisite signal, the other,
labeled B, giving rise to a negative ODMR antisite signal.
ODENDOR studies reveal that both ODMR spectrum A
and B arise from the isolated antisite. We proposed that
band A arises from donor-acceptor recombination in-
volving P,„and band B arises from similar recombina-
tion involving P,„,which is generated by a second hole
ionization excitation from P&„. This occurs primarily at
antisites far removed from acceptors where the photogen-
erated P&„+ state has a sufticiently long lifetime for the
second excitation to occur. Evidence cited for this is the
dominance of spectrum B at low modulation frequencies,
and a broader Hat-topped linewidth, indicating that the
lifetime has become comparable to nuclear relaxation
times. Studies of the PL-ODMR excitation and emission
spectra and their dependence upon modulation frequency
has allowed us to estimate the level positions for the iso-
lated antisite. They are E&+ 1.1+0.1 eV for the
P,„+/P, „+ level, and E~+ l. 39+0.03 eV for the

This same two-step excitation allows MCD detection
of P&„of the isolated antisite in as-grown lightly doped p-
type material, even though the P,„+/P,„+ level is more
than 1.1 eV above the valence-band edge. In as-grown
more heavily doped p-type material, isolated antisite
MCD signals are not observed. This is presumably due
to the fact that the shallow acceptors provide fast radia-
tive recombination channels, and the lifetime of photo-
generated P&„ is too short. Electron irradiation is likely
to passivate these channels which can make the P&„+
state of the isolated antisite observable via MCD either
directly, if the charge state is right, or via two-step exci-
tation. The fact that the irradiation quenches the radia-
tive recombination between the P,„+ state and the accep-
tors supports this hypothesis.

At least two distinct perturbed antisites, labeled P,„(X)
and P,„(F), have been detected via MCD-ODENDOR in
electron-irradiated n-type material. Previous studies
have concluded that they are not initially present in the
as-grown material but are produced by the irradiation.
Analysis of their ODMR linewidth and the fact that they
are only seen in n-type material indicates that their elec-
trical levels are higher in the gap than those of the isolat-
ed antisite. This suggests that the nearby perturbing de-
fect X or Y is an acceptor. A possible candidate is an in-
dium vacancy in the nearest In neighbor shell.
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