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Thermal stability of semi-insulating InP epilayers: The roles of dicarbon
and carbon-hydrogen centers
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Infrared-~IR! absorption measurements of localized vibrational modes~LVM’s ! show the presence of H-CP

pairs and isolated CP acceptors in semi-insulating epitaxial layers of InP. Rapid transient anneals of two sets of
such samples at temperatures of up to 800 °C lead to the complete loss of the H-CP pairs and large decreases
of @CP#, from initial values of 5.831018 and 2.531018 cm23. The layers remain semi-insulating up to 700 °C
and, even after annealing at 800 °C, they show only lown-type conductivities (n;1016 cm23), implying the
continued presence of a sufficient concentration of donor centers to effect near compensation. Raman scattering
measurements reveal LVM’s~IR inactive!, close to 1800 cm21 and broadbands, due to amorphous carbon, that
show increased strengths after annealing. The LVM’s are attributed to deep donor dicarbon split-interstitial
centers occupying phosphorus lattice sites, analogous to corresponding centers observed in annealed highly
carbon-dopedp-type GaAs and AlAs that have been investigated by local-density-functional calculations. No
evidence is found for the presence of shallow donors, namelyVInH4 complexes, CIn donors or PIn antisite
defects. Changes in the unusual electric-field broadening of the CP LVM, revealed by IR measurements, are
related to the reductions in the concentration of CP defects resulting from the anneals. These calculations give
further insight about the compensating defects and may imply reductions in strain after the higher-temperature
anneals.

DOI: 10.1103/PhysRevB.63.205307 PACS number~s!: 81.15.Gh, 81.05.Ea, 66.30.Jt, 63.20.Pw
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I. INTRODUCTION

Semi-insulating InP layers can be grown by metal-orga
vapor-phase epitaxy~MOVPE! in the temperature rang
460–500 °C using PH3 and trimethyl-indium precursors, pro
vided the layers are doped with carbon derived from C4
entrained in hydrogen gas.1,2 Secondary ion mass spectrom
etry ~SIMS! measurements show only small concentratio
of incorporated chlorine and oxygen but the layers cont
both carbon and hydrogen at concentrations as high
1018– 1020cm23. An explanation of the high resistivity wa
unclear. Early work had implied that carbon atoms mig
occupy either group-III or -V lattice sites,3–5 but later analy-
ses of infrared~IR! localized vibrational mode~LVM ! ab-
sorption measurements6,7 showed that the observed carbo
atoms wereacceptorsoccupying phosphorus lattice sites,
isolated12CP ~and13CP, 1.1% abundant!, and as H-12CP ~and
H-13CP! pairs, found also in GaAs.8 The identity of the in-
corporated donors at the high concentration required to ef
compensation has remained unknown but it was specul
that undetectedVInH4,

9,10 CIn and PIn double donor antisite
defects11 might be present. Any excess of these shallow c
ters over the isolated carbon acceptor concentration wo
however, make the samples stronglyn type, contrary to the
measurements.

In this paper we present LVM IR absorption and LV
Raman scattering measurements for such samples follow
0163-1829/2001/63~20!/205307~8!/$20.00 63 2053
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anneals at temperatures in the range 500–800 °C. IR m
surements show small initial increases in the strength of
absorption from CP and decreases of@H-CP# pairs following
anneals at 500 °C, the same as the growth temperature
anneals at higher temperatures lead to progressive reduc
of the concentrations of both centers. These measurem
allow us to demonstrate that the strengths of the three
active modes, tentatively attributed to H-12CP pairs,6,7 are
indeed correlated and Raman scattering measurements
vide evidence that one of the lines is a doubly degeneraE
mode, as expected. The Raman measurements also r
amorphous carbon and, more importantly, dicarbon sp
interstitial pairs~both IR inactive! at essentially the sam
frequencies as those found in annealedp-type GaAs:CAs
~Ref. 12! and AlAs:CAs.

13 Theoretical analyses13,14 of such
C-C centers have shown that they are deep donors. The c
pensating donors in InP are therefore assigned to similar
centers.

The 12CP LVM at 546.9 cm21 ~10 K! lies in the gap from
517.5 to 612.4 cm21 of the density of two-phonon states15 of
the InP lattice and was expected to have a small full width
half maximumD, since the decay of the excitation requir
the formation of at least three phonons. For comparison
find that the LVM of isoelectronic10BIn at 543.56 cm21 in
InP has aD of only 0.07 cm21 for bulk material measured a
an instrumental resolution of 0.01 cm21: this line was re-
ported in much earlier work.16 However, measurements hav
©2001 The American Physical Society07-1
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NEWMAN, DAVIDSON, WAGNER, SANGSTER, AND LEIGH PHYSICAL REVIEW B63 205307
shown that the12CP line is always significantly broadene
(D;1 cm21) with an unusual profile that has a sharp cent
feature~Figs. 1 and 2!. This structure has been attributed
perturbations of the negatively charged12CP

2 acceptors by
internal electric fields, having random strengths and dir
tions, that arise from the surroundingimmobilecharges of all
other isolated CP

2 acceptors and positively charged compe
sating donors.17 After samples are annealed there are red
tions of the linewidth of the CP LVM implying reductions in
the magnitude of the internal electric fields due to reducti
in @CP# and the concentration of ionized donors. The obs
vations also imply the absence of free carriers that wo
otherwise screen the electric field at the locations of theP
atoms.

FIG. 1. Broadening of the CP IR LVM shown on an expanded
wave-number scale for sample MR949 after the growth of the la
and following anneals at progressively increasing temperat
when the concentration of isolated carbon acceptors is reduced
letters a,b,c,d,erefer to the as-grown sample and other samp
following anneals at 500 °C, 600 °C, 700 °C, and 800 °C.

FIG. 2. Broadening of the CP IR LVM shown on an expanded
wave-number scale for sample MR950 after the growth of the la
and following anneals at progressively increasing temperat
when the concentration of isolated carbon acceptors is reduced
letters a,b,c,d,erefer to the as-grown sample and other samp
following anneals at 500 °C, 600 °C, 700 °C, and 800 °C.
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II. EXPERIMENTAL DETAILS

Full details of the growth of three InP:C epitaxial laye
with increasing carbon contents, derived primarily fro
CCl4, have been presented in Ref. 6. We shall be concer
here with the two wafers labeled MR949~the most highly
doped layer! and MR950 ~the second most highly dope
layer!, with total carbon contents of 1.031019 and 4.2
31018cm23, respectively, as determined by SIMS. Pairs
samples were cut from adjacent locations of each wafer
were subjected to rapid transient anneals~RTA! for 5 min at
500 °C, 600 °C, 700 °C or 800 °C in flowing argon. He
treatment of samples in face-to-face contact led to the c
plete destruction of the epitaxial layers. This problem w
overcome by coating the layers with SiO2 to a thickness of
1.2mm. The SiO2 was deposited by plasma-enhanced che
cal vapor deposition using a mixture of 5% silane (SiH4) in
N2 and N2O gases~1 Torr: 13.56 MHz: 24 W: 300 °C!, simi-
lar to that described in Ref. 18. After a RTA, the SiO2 layer
was removed by dipping the sample in hydrofluoric acid.

Room-temperature Hall-effect measurements using
van der Pauw geometry with indium dot contacts made a
temperature below 350 °C showed that the MR949 a
MR950 samples remained semi-insulating up to, and incl
ing, 700 °C. An exception was a sample of MR950, annea
at 600 °C, that became slightlyp-type with p56
31015cm23. After anneals at 800 °C, the samples show
weakn-type conductivity withn;1016cm23. Epilayer thick-
nesses of 8.0mm ~MR949! and 10.3mm ~MR950! had been
determined previously from SIMS measurements but var
by 65% across the 2-in. wafer.6

IR-absorption measurements of each sample were mad
;10 K using a Bruker IFS 120 HR interferometer with
spectral resolution of 0.02 cm21 and compared with corre
sponding data for the as-grown wafers~Table I!. Calibration
factors,f (CP) and f (H-CP), are required to determine impu
rity concentrations from values of the integrated absorpt
coefficients~IA ! of the CP and the H-CP LVM’s, respec-
tively: the concentrations are given byf ~cm21!3IA ~cm22!.
Since these calibration factors have not been determined
InP the concentrations were estimated using the factors
the corresponding centers in GaAs~see the caption of Table
I and Ref. 6!.
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TABLE I. Concentrations of@CP#31018 cm23 ~LVM at 546.9
cm21! and @H-CP#31018 cm23 ~LVM at 2703 cm21! for sample
MR949 ~thickness 831024 cm! and MR950 ~thickness 10.3
31024 cm!, with the assumptions thatf ~CP!5731015 cm21 and
f ~H-CP!5231015 cm21.

Anneal
temperature

~°C!

MR949
@CP#

546.9 cm21

MR949
@H-CP#

2703 cm21

MR950
@CP#

546.9 cm21

MR950
@H-CP#

2703 cm21

As grown 5.8 5.4 2.5 1.4
500 6.6 4.6 3.3 1.3
600 5.3 2.6 2.6 1.0
700 2.5 0.7 3.0 0.1
800 1.3 0.0 1.9 0.0
7-2
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THERMAL STABILITY OF SEMI-INSULATING InP . . . PHYSICAL REVIEW B 63 205307
Low-temperature~77 K! Raman measurements we
made in the back-scattering geometry from the~100! growth
surface using excitation from a Kr1-ion laser with hnL
53.00 or 3.05 eV. The scattered light, recorded for
x(z,z)-x or x(y,z)-x scattering configurations, wherex, y,
andz denotê 100& crystallographic directions, was dispers
in a triple spectrometer and detected with a silicon char
coupled detector~CCD! array. Measurements were made f
the spectral ranges from 60–2200 and 3000–4500 cm21 for
samples of MR949, as described above. The Raman p
depth, 1/(2a)>17 nm, wherea is the absorption coefficient
was derived for photons with an energy of 3.00 eV using
data for the room-temperature dielectric function given
Ref. 19 and the temperature dependence of the band
given in Ref. 20. Further Raman measurements were m
after samples had been chemically etched to remove a
face layer of thickness of;1 mm to determine whether thi
region, that had been in contact with the layer of SiO2, was
representative of the bulk.

III. RESULTS

A. IR measurements of the modes of isolated carbon atoms
and H-CP pairs

After an anneal at 500 °C, the same as the growth te
perature, IR measurements showedincreasesin @CP# of 8
31017cm23 for both samples MR949:~500 °C! and
MR950:~500 °C! and decreases in@H-CP# of 831017 and 1
31017cm23, respectively, that are attributed to dissociati
of the pairs~Table I!. The net gain of carbon in sampl
MR950:~500 °C! implies that other sources of carbon mu
have been present and since the annealed samples rem
semi-insulating, there must have been increases in the
centration of compensating donor centers~see Sec. III C!.
Anneals of both sets of samples at higher temperature
600, 700, and 800 °C led to progressivereductionsin @CP#
~Figs. 1 and 2!, implying the formation of carbon aggregate
that are not IR active.

There were also reductions in the strengths of the th
modes that are attributed to H-CP pairs in MR949: these are
the A1

2-antisymmetric stretch mode at 2703.3 cm21, the
A1

1-symmetric stretch mode at 413.5 cm21, and a transverse
E mode at 521.1 cm21 with dominant carbon displacement
the E mode with dominant hydrogen displacements is
detected, consistent with its expected low dipole moment
found for the corresponding mode of H-CAs pairs in GaAs.8

Measurements of the three H-CP lines following anneals a
temperatures up to 700 °C demonstrate that their stren
are correlated~Fig. 3!: the H-CP pair lines are not detecte
after the 800 °C anneal. Satellite lines at 2756 cm21 (D
;10 cm21) and 2818 cm21 (D56 cm21) on the high-energy
side of the H-CP A1

2-stretch mode~MR949! had strengths of
only ;3% of that of the main line and are similar to satell
lines detected in highly doped GaAs:C due to paired sub
tutional carbon atoms complexed with a hydrogen atom.21,22

After the anneal at 600 °C, absorption from these lines in
was below the detection limit. It is inferred that there
dissociation of the centers, with subsequent out-diffusion
the hydrogen or the formation of internal hydrogen cluste
20530
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Following anneals at 600 °C and 700 °C the MR949 a
MR950 samples were still semi-insulating but after the fin
anneal at 800 °C, they showed weakn-type conductivity with
n53.031014 and 1.731016cm23, respectively. These con
centrations are negligible compared with the residual val
of @CP#;1.531018cm23 that would give rise to strong
p-type conductivity unless compensating donor centers
hole traps were still present.

B. Analysis of the line shape of the isolated carbon vibrational
mode

The theoretical profiles that result from random electr
field broadening are given by a normalized universal fu
tion, G(v/v* ), where v* is a scaling frequency.7,17 The
function is generated from splittings of the InP:C tripl
LVM absorption line produced from the statistically distrib
uted electric fields at the CP atom that arise from all possibl
configurations of surrounding charged impurities. In additi
to the distribution of field strengths that follows a functio
due originally to Holtsmark,23 the random distribution of
field orientations is required. The scaling frequencyv* is
proportional to the 2/3 power of the concentration of t
surrounding charged impurities. This follows from the fie
strengths from point charges falling off as the inverse squ
of their distance from the center. Provided that the cha
compensation mechanism is the same for all the samples
concentration of the surrounding charged impurities will
proportional to the IA for the carbon acceptors.

To account for other sources of broadening, such as in
mogeneous strain from point defects or dislocations, limi
instrumental resolution, and three-phonon decay, each of
sharp lines formed by splitting the triplet with a particul
electric field is replaced by a profile characterized byg, its
half-width at half maximum~i.e., D/2!. The form of the pro-
file will depend on the relative strengths of these sourc

FIG. 3. Plot showing the correlations of the integrated abso
tions ~IA’s ! of the IR LVM at 521 cm21 ~squares,E mode! and the
IR LVM at 414 cm21 ~diamonds,A1

1 mode! as a function of the IA
of the IR LVM at 2703 cm21 ~A1

2 stretch mode! for samples
MR950 and MR949 before and after annealing. The dashed~solid!
line is a least-square fit to the squares~diamonds! and has a gradien
of 0.150~0.134!.
7-3
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NEWMAN, DAVIDSON, WAGNER, SANGSTER, AND LEIGH PHYSICAL REVIEW B63 205307
see, for example, Ref. 24 where theoretical analyses indi
that dislocations give rise to nearly Gaussian profil
whereas point defects lead to Lorentzian profiles. As in
earlier work,7,17 we assume a Lorentzian form. The norma
ized theoretical profile for the broadened triplet is complet
specified by the two parametersv* , the scaling frequency
andg, the residual half-width.

From Fig. 4 of Ref. 17 it is clear that the overall width
the theoretical profile does not depend appreciably on
value used forg provided that it is small compared withv* .
For g50, the central feature is logarithmically divergent a
the profile displays prominent shoulders. Asg is increased,
the peak height is reduced and the shoulders become
pronounced. We may therefore choosev* by fitting to the
overall width of an experimental profile and, after scaling t
~normalized! theoretical profile to achieve agreement w
the observed IA, adjustingg to give the experimental pea
height. Values for experimental IA’s and peak heights
given in Tables II and III. Reasonably good representati
of the shoulders result without any further adjustment to
parameters. As an illustration of the fitting procedure,
show in Fig. 4 a section of the experimental profile, inclu
ing the shoulders and the peak, for sample MR949 anne
at 600 °C compared with three choices ofv* taking, in each
case, a value ofg that reproduces the peak height. Wi
v* 50.24 cm21 there is good agreement with experiment
the low-frequency side of the absorption peak but less g
agreement on the high-frequency side. The theoretical pro
is symmetric about the peak and cannot reproduce the as

TABLE II. Details of electric-field broadening for sampl
MR949. hexpt is the experimental peak height above a base
taken between 543 and 551 cm21. The values of the integrate
absorption~IA !, measured from the same base line, are smalle
up to;10% than those that can be inferred from the concentrat
listed in Table I due to a different choice of base line.

IA
~cm22!

hexpt

~cm21!
v*

~cm21!
v*

~IA !2/3

g
~cm21!

As grown 748 670 0.24 0.002 91 0.07
500 °C anneal 899 694 0.27 0.002 90 0.08
600 °C anneal 718 675 0.24 0.002 99 0.06
700 °C anneal 337 436 0.18 0.003 72 0.04
800 °C anneal 172 297 0.12 0.003 88 0.04

TABLE III. Details of electric-field broadening for sampl
MR950.hexpt is the peak height above a base line taken 544 and
cm21. Comments on IA are the same as in Table II.

IA
~cm22!

hexpt

~cm21!
v*

~cm21!
v*

~IA !2/3

g
~cm21!

As grown 339 435 0.15 0.003 09 0.060
500 °C anneal 451 584 0.18 0.003 06 0.04
600 °C anneal 349 519 0.15 0.003 08 0.03
700 °C anneal 404 572 0.18 0.003 29 0.03
800 °C anneal 254 436 0.15 0.003 74 0.02
20530
te
,
r

y

e

ss

e

e
s
e
e
-
ed

d
le
m-

metry of the experimental spectra. Fitted compromise val
for v* andg are listed in Tables II and III.

From the results in Tables II and III, proportionality be
tweenv* and IA to the 2/3 power appears to be remarka
well satisfied for the two samples in their as-grown state a
after the 500 °C and 600 °C anneals. Another roughly eq
proportionality constant emerges for sampl
MR949:~700 °C!, MR949:~800 °C!, and MR950:~800 °C!
@but not for MR950:~700 °C!#. It is possible that anothe
compensation mechanism comes into play for samples
nealed at 700 °C or above. The increase inv* /~IA !2/3 for the
high-temperature anneals would be explained if the red
tions in @CP# are smaller than the reductions of the conce
trations of other charged defects that are present.

The fitted residual half-widthg decreases from 0.06 to
0.025 cm21 as the anneal temperature is increased
MR950 ~Table III!. The slightly larger values found for th
MR949 sample~Table II! are consistent with the highe
strain and a small shift in the lattice parameter revealed
high-resolution x-ray data6 for the as-grown wafer. All the
values ofg are significantly greater than the instrumental
resolution of 0.02 cm21, demonstrating that the broadening
not limited for this reason. It is implied that there must ha
been modifications of the compensation process and/or
ductions of inhomogeneous strains as a result of the ann
ing.

C. Raman scattering measurements

Raman measurements made on an as-grown samp
MR949 reveal the LVM of12CP at 546.5 cm21 ~Fig. 5!, as
found by IR absorption.6 The scattering strength with an in

FIG. 4. Example of the fitting procedure applied to the profile
the CP LVM for sample MR949 annealed at 600 °C with only th
central peak and the shoulders displayed. The scale of the ab
tion coefficients is offset to coinside with the experimental d
shown in Fig. 1. Theoretical profiles are shown as the thinner li
~a,b,c! for three choices of the scaling frequencyv* : in order from
the highest to the lowest shoulders,v* 50.21, 0.24, and 0.27 cm21.
In each case, the residual half-width is determined by forcing ag
ment with the peak value for the experimental profile~shown as the
thicker line!: ~a! g50.078 cm21, ~b! 0.061 cm21, and ~c! 0.048
cm21, respectively.~The scale for the absorption coefficients is o
set to agree with the display in Fig. 1.!
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cident laser energy of 3.00 eV is stronger by a factor of;2.5
for the x(y,z)-x geometry than that for thex(z,z)-x geom-
etry. The nonzero scattering for thex(z,z)-x geometry is
explained by roughening of the surface of the sample du
growth of the epilayer: greater roughening is expected
lowing the etching of samples, see below. This scatterin
546.5 cm21 is attributed to anF2 (T2) mode of a12CP center
with Td symmetry.25

As expected from the IR data, the scattering intensity
77 K of the CP line in the as-grown MR949 sample wa
stronger by a factor of;2.7 than that from the MR950
sample using a laser energy of 3.00 eV~Fig. 6! or 3.05 eV:
the strength of the intrinsic InP second-order phonon sca
ing was used as an internal reference. As the strength o
line in MR950 was only;3 times greater than the nois
level, it was too small to be investigated by Raman scatte
following anneals of the samples. The intensity at 77 K
the CP line for unetched MR949 samples after anneals
500 °C, 600 °C, and 700 °C showed only small changes~Fig.
7! but a later second set of measurements revealed a re
tion in @CP# by ;40% after the 700 °C anneal. This diffe
ence is attributed to nonuniformity of the surface roughne
The line was not detected in the sample annealed at 80
~,8% of the as-grown sample!. These measurements are
essential agreement with the IR data~Table I!.

The observed polarization dependence of the 521-cm21

Raman line~cf. IR frequency of 521.1 cm21! due to H-CP
pairs is compatible with the assignment to a transversE
mode, although the strength of this argument is limited
the poor signal-to-noise ratio~Fig. 5!. The lack of observa-
tion of an E mode with dominant hydrogen displacemen
was not surprising as the corresponding mode of H-C p

FIG. 5. Low-temperature~77 K! Raman spectra recorded in th
x(x,z)-x andx(z,z)-x scattering configurations from the as-grow
InP:C sample MR949 and a reference spectrum from undoped
The spectra show the12CP LVM and an E mode of the H-12CP

complex. The spectral resolution was set to 2.5 cm21.
20530
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in GaAs is extremely weak.26 The absence of a line due t
the A1

1 mode is explained by the use of laser excitation e
ergies of 3.00 or 3.05 eV that are smaller than the I
E1 /(E11D) band gap of 3.25–3.38 eV at 77 K~see Sec. II!,
precluding resonant enhancements as found for theA1

1 mode
of H-CP pairs in GaAs.27 Corresponding enhancement effec

P.

FIG. 6. Comparison of the Raman scattering strengths of
12CP LVM in InP:C with different carbon contents for the as-grow
samples MR949 and MR950. For comparison, the Raman spec
of undoped InP is also displayed. The spectral resolution was s
2.5 cm21.

FIG. 7. The dependence of the Raman scattering strength o
12CP LVM as a function of the anneal temperature for samples
wafer MR949. The spectral resolution was 2.5 cm21.
7-5
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for InAs and InSb are reported in Ref. 28. Finally, the a
sence of detectable scattering from theA1

2 stretch mode is
not inconsistent with the small signal-to-noise ratio found
this mode in GaAs~Ref. 27! and AlAs.29

The surfaces of an as-grown sample, and samples
nealed at 500 °C and 600 °C, were extremely rough follo
ing etching to a depth of;1 mm ~see Sec. II!, as indicated by
intense elastic scattering from the gas discharge lines of
Kr1 laser, and the CP lines were not resolved. An etche
sample annealed at 700 °C did, however, show the CP line
but with a strength of only 15% of that for the unetche
as-grown sample. The CP line was not observed in the etche
sample annealed at 800 °C. It could be inferred that the va
of @CP# in the bulk of the 700 °C annealed material is som
what lower than that in the region close to the as-gro
interface with the original surface SiO2 layer. However, the
difference is more likely to be due to the wet chemic
etching process adding to the surface roughness alre
present as a result of the prior plasma processing30 and the
removal of the SiO2 layer by HF acid.

Of greatest importance are the observations of Ram
scattering at 1784.9 and 1814 cm21 from the as-grown
MR949 sample~Fig. 8!. The strengths of these modesin-
creasedin the same ratio following anneals at 500 °C a
600 °C and a correlated third line appeared and grew
1763.7 cm21. There were no further changes after the 700
anneal but after the 800 °C anneal, the lines were no lon
resolved due to strong background scattering and/or lumi
cence that occurred in the range 1000–2000 cm21. Essen-
tially identical results were obtained for the etched samp

FIG. 8. Spectra of high-frequency Raman lines from as-gro
and annealed InP:C samples from wafer MR949. Raman lines
to carbon complexes in InP:C are marked by vertical arrows;a-C
denotes Raman scattering from amorphous carbon. Spectral re
tion was 7 cm21.
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An additional line at 1557.9 cm21, together with a broad
vibrational band (D;70 cm21) centered around 1580 cm21,
not present in the spectra of as-grown samples, appe
after the anneals at 600 °C and the band became very st
after the 700 °C anneal. The broadband is characteristi
amorphous carbon12,31,32and appeared with similar strength
in both the unetched and etched samples. These observa
demonstrate that carbon precipitates formed in the bulk
the samples during annealing and were not present onl
surface contamination. The first stage of aggregation
clearly C-C formation.

H2 molecules may have formed by the pairing of hydr
gen atoms released from H-CP pairs during the anneals bu
an associated vibrational frequency at;4000 cm21 was not
detected. This does not necessarily imply that molecu
were absent as they have only been reported at conce
tions in the range 1019– 1020cm23 in GaAs samples follow-
ing exposure to a hydrogen plasma.33

IV. DISCUSSION

Assignments of the Raman LVM lines in the range 176
1814 cm21 to dicarbon centers are inferred from compa
sons with corresponding lines observed in GaAs:C a
AlAs:C.12,13 The loss during anneals of12CAs and 13CAs ac-
ceptors, present in nearly equal concentrations in do
GaAs, led to the formation of two types of split-interstiti
dicarbon C-C centers~non-IR-active O2 molecules! that were
each unambiguously identified by Raman scattering
12C-12C, 12C-13C, and13C-13C pairs.Ab initio calculations13

demonstrated that the C-C defects were located on As la
sites in the positive charge state and that the molecules c
be present in either of two inequivalent orientations. Cor
sponding centers~labeled T1 and T2! were also observed in
AlAs. The pairs of12C-12C modes in the two lattices hav
the same mean frequency of;1800 cm21 but with line sepa-
rations of 87 and 96 cm21, respectively. The two strong line
at 1784.9 and 1814.0 cm21, observed in the present InP:
samples, also have a mean energy of;1800 cm21 but with a
smaller separation of 25 cm21 and relative strengths in th
opposite sense to those in GaAs and AlAs. Whereas the
grown GaAs and AlAs samples were very stronglyp type,
and remainedp type after annealing, the InP samples we
fully compensated. The two C-C centers in the former ma
rials were therefore identified as ionized deep donor defe
in the positive charge state. The related defects in the pre
InP samples might be negatively charged, neutral, or p
tively charged during examination, since account must
taken of photoexcitation due to the incident laser radiat
required to make the Raman measurements. Changes i
charge states of the C-C centers leads to shifts in the L
frequencies according to theab initio calculations for GaAs
and AlAs.13 In the absence of illumination, C-C donor
would compensate some fraction of the isolated carbon
ceptors in the as-grown InP layers and the remainingP
acceptors would be passivated by hydrogen atoms. It
been demonstrated that@C-C# increases as the anneal tem
perature is raised and at some stage may exceed the rem
ing @CP#. Since the excess dicarbon centers are deep def
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any increase in the carrier concentration at room tempera
is expected to be small but could account for the measu
n-type conductivity of the samples that had been anneale
800 °C.

Dicarbon centers can only form if carbon atoms ma
diffusion jumps to interstitial sites and then diffuse and a
trapped by remaining substitutional carbon atoms. A disc
sion of this process for GaAs and AlAs is given in Ref.
and the diffusion activation energy is calculated to be 0.7
for both host crystals. As the anneal temperature is increa
the diffusion coefficient of the interstitial carbon atom
would increase, consistent with the increased formation
amorphous carbon inclusions. There is evidence that
bonding of carbon atoms to In neighbors is weaker than
to Ga or Al neighbors.35 As a consequence, the transfer
carbon atoms to interstitial sites in InP is likely to occ
more readily than in GaAs or AlAs, allowing rapid formatio
of the observed C-C centers. The formation of C-C cen
could reduce the strain in the InP and lead to reductionsg
~Sec. II B!.

The possibility that other donor centers~VInH4, CIn, and
PIn! were present was also considered. The IR LVM~Ref. 9!
of VInH4 donors at 2316 cm21 was observed in our as-grow
InP substrates that were wedged and had thicknesse
;300 mm. The measured integrated absorption coeffici
~IA ! of 0.1060.02 cm22 leads to@VInH4#54.531015cm23

using the calibration that an IA of 1 cm22 corresponds to a
concentration of 4.531016cm23.36 The combined IA’s of the
substrate and the epitaxial layers were no greater than
values for the substrate alone, implying that the concen
tion of VInH4 complexes incorporated in the layers must ha
been less than;4.531016cm23. The measured IA de
creased after the sample had been annealed at 700 °C
was not detected after the anneal at 800 °C, consistent
other reports.11,36 Thus, @VInH4# is smaller by a factor of
;102 than that required to compensate the carbon accep
in the epitaxial layers.

We considered the possibility that CIn donors, as well as
carbon acceptors CP, were introduced into the samples du
ing growth. According toab initio local-density-functional
calculations, the frequency of the donor LVM is lower th
that of the acceptor by 30 cm21.37 This would place the CIn
LVM frequency at 517 cm21, which is at the steep edge o
the spectral region where there is strong two-phonon abs
tion. A line has not been detected and so there is no evide
that these centers were present. The possibility that the
mode ~GM! at 220 cm21 reported in Ref. 5 is due to CIn
donors cannot be ruled out since the epitaxial layers w
grown under quite different conditions from those stud
here but the expected LVM in these samples was not
tected.

The intrinsic antisite double donor defect31PIn is expected
to give rise to both an LVM and a GM~see Ref. 38!, both of
which should be IR and Raman active. The LVM is expec
to have a lower frequency than that of30SiIn single donors39
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based on the sequence~ 28SiIn 92.3% at 431.6 cm21!, ~ 29SiIn
4.7% at 427.1 cm21!, and~ 30SiIn 3.0% at 423.1 cm21! with
the assumption that the local force constants are similar.
such LVM has been observed. A weak gap mode at 209
cm21 (D50.16 cm21) observed in two Si-doped bulk
samples is tentatively attributed to28SiIn; no corresponding
GM from 31PIn at a somewhat lower energy was found
either the bulk or the epitaxial InP. Two GM’s observed
281.1 and 284.6 cm21 in the epilayers are of unknown ori
gin. Likewise, a cluster of seven lines with frequencies b
tween 351 and 360 cm21 and linewidthsD;0.3 cm21, de-
tected from the as-grown samples MR949 and MR950,
also of unknown origin. The two GM’s and these line
started to anneal at 600 °C and were not detected after
700 °C heat treatment. We cannot rule out the possibility t
these various lines may be related to31PIn antisite defects as
three types of defects have been observed by optically
tected electron nuclear double resonance40 ~ODENDOR! and
it has been reported that they are stable up to 500 °C.41 On
the other hand, there is no clear evidence for the presenc
PIn defects.

V. SUMMARY AND CONCLUSIONS

In summary, the compensation of the carbon acceptor
the as-grown epitaxial layers is explained by the presenc
H-C pairs and deep dicarbon donor centers without invok
the presence of other types of donor. Subsequent heat t
ments lead to the dissociation of the H-C defects and th
are losses of carbon acceptors from solution. During th
anneals carbon atoms must jump into interstitial sites
diffuse to form dicarbon defects, and larger amorphous c
bon precipitates,32 both of which are only revealed by Rama
scattering. No evidence has been found for the incorpora
of VInH4, CIn, or PIn donors in these samples and it is co
sidered unlikely that these centers play a role in the comp
sation process. After the higher-temperature anneals,
continuing presence of dicarbon centers maintains the c
pensation up to 700 °C. The formation of dicarbon cent
and amorphous carbon with the concomitant loss of car
acceptors continues at 800 °C and is expected to lead to
cess deep donors so that the samples would become sli
n-type at room temperature, as found experimentally. T
excess of donors, together with the reduction in@CP# will
reduce the number of strain centers and it is likely that
dicarbon defect will strain the lattice less than the small c
bon atoms. This may explain the sharpening of the CP LVM
profile ~Tables II and III!.
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