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Thermal stability of semi-insulating InP epilayers: The roles of dicarbon
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Infrared-(IR) absorption measurements of localized vibrational mgded/1’s ) show the presence of HC
pairs and isolated Cacceptors 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 theait<Cand large decreases
of [Cp], from initial values of 5.& 10'® and 2.5< 10'cm™3. The layers remain semi-insulating up to 700 °C
and, even after annealing at 800 °C, they show only tetype conductivities i~ 10®cm™3), implying the
continued presence of a sufficient concentration of donor centers to effect near compensation. Raman scattering
measurements reveal LVMER inactive), close to 1800 cm* 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-dopeg-type GaAs and AlAs that have been investigated by local-density-functional calculations. No
evidence is found for the presence of shallow donors, naiglil, complexes, ¢ donors or R, antisite
defects. Changes in the unusual electric-field broadening of theV®, revealed by IR measurements, are
related to the reductions in the concentration pfd&fects resulting from the anneals. These calculations give
further insight about the compensating defects and may imply reductions in strain after the higher-temperature
anneals.
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[. INTRODUCTION anneals at temperatures in the range 500-800°C. IR mea-
surements show small initial increases in the strength of the
Semi-insulating InP layers can be grown by metal-organi@bsorption from ¢ and decreases ¢H-Cp] pairs following
vapor-phase epitaxfYMOVPE) in the temperature range anneals at 500 °C, the same as the growth temperature, but
460-500 °C using Pkand trimethyl-indium precursors, pro- anneals at higher temperatures lead to progressive reductions
vided the layers are doped with carbon derived from ,Cl of the concentrations of both centers. These measurements
entrained in hydrogen ga&<.Secondary ion mass spectrom- allow us to demonstrate that the strengths of the three IR-
etry (SIMS) measurements show only small concentrationsactive modes, tentatively attributed to Aep pairs®’ are
of incorporated chlorine and oxygen but the layers contairindeed correlated and Raman scattering measurements pro-
both carbon and hydrogen at concentrations as high agde evidence that one of the lines is a doubly degendfate
10%-10°cm 3. An explanation of the high resistivity was mode, as expected. The Raman measurements also reveal
unclear. Early work had implied that carbon atoms mightamorphous carbon and, more importantly, dicarbon split-
occupy either group-Ill or -V lattice sites? but later analy-  interstitial pairs(both IR inactive at essentially the same
ses of infrared(IR) localized vibrational modéLVM) ab-  frequencies as those found in annealetype GaAs:Gg
sorption measuremefits showed that the observed carbon (Ref. 12 and AlAs:Gy.'® Theoretical analysé$! of such
atoms wereacceptorsoccupying phosphorus lattice sites, as C-C centers have shown that they are deep donors. The com-
isolated*?Cp (and*3Cp, 1.1% abundantand as HCp (and  pensating donors in InP are therefore assigned to similar C-C
H-13C,) pairs, found also in GaASThe identity of the in-  centers.
corporated donors at the high concentration required to effect The '°Cp LVM at 546.9 cm ! (10 K) lies in the gap from
compensation has remained unknown but it was speculatésll7.5 to 612.4 cm'® of the density of two-phonon statésf
that undetected/,,H,,%*° C,, and R, double donor antisite the InP lattice and was expected to have a small full width at
defect$! might be present. Any excess of these shallow cenhalf maximumaA, since the decay of the excitation requires
ters over the isolated carbon acceptor concentration wouldhe formation of at least three phonons. For comparison we
however, make the samples stronglgype, contrary to the find that the LVM of isoelectronid®B,, at 543.56 cm® in
measurements. InP has a\ of only 0.07 cmi* for bulk material measured at
In this paper we present LVM IR absorption and LVM an instrumental resolution of 0.01 crh this line was re-
Raman scattering measurements for such samples followirgprted in much earlier work® However, measurements have
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1200 TABLE |. Concentrations of Cp] X 10®¥cm™2 (LVM at 546.9

. cm™Y) and [H-Cp]x10¥em™2 (LVM at 2703 cm'}) for sample
MR949 (thickness & 10 *cm) and MR950 (thickness 10.3
X 10" %cm), with the assumptions that(Cp)=7x10%cm™* and

800 f(H-Cp)=2x10%cm™ 1,

Anneal MR949 MR949 MR950 MR950
temperature [Cpl [H-Cp] [Cpl [H-Cp]
(°C) 5469 cm?® 2703 cm?! 5469 cm?! 2703 cm?

Absorption coefficient (cm)

400
i As grown 5.8 5.4 25 1.4
500 6.6 4.6 3.3 1.3
o : ‘ - : 600 5.3 2.6 2.6 1.0
544 546 548 550 700 25 0.7 3.0 0.1
800 1.3 0.0 1.9 0.0

Wavenumber (cm)

FIG. 1. Broadening of the £IR LVM shown on an expanded
wave-number scale for sample MR949 after the growth of the layer II. EXPERIMENTAL DETAILS
and following anneals at progressively increasing temperatures ) o
when the concentration of isolated carbon acceptors is reduced. The Full details of the growth of three InP:C epitaxial layers
letters a,b,c,d,erefer to the as-grown sample and other samplesWith increasing carbon contents, derived primarily from
following anneals at 500 °C, 600 °C, 700 °C, and 800 °C. CCl,, have been presented in Ref. 6. We shall be concerned
here with the two wafers labeled MR94the most highly

shown that the*?Cy line is always significantly broadened Idoped Ia.y? andl MRgSO(the secondfmost Oﬂ;ghly ddgpzed
(A~1 cm %) with an unusual profile that has a sharp central ay%?é W'Eg tota car (I)n corcljtents 0 dlfl and <.
feature(Figs. 1 and 2 This structure has been attributed to X 10%cm™, respectively, as etermm.e y SIMS. Pairs of
perturbations of the negatively charg&C,~ acceptors by samples were cut fror_n adjacgnt locations of each vyafer and
internal electric fields, having random strengths and direcyvg(rﬁéumggtfg tc;g%@g transmn'ign_ne(ﬁHA) for 5 min E;t
tions, that arise from the surroundimgmobilecharges of all o 6 f ’ les | for 800f n owmgl z:\jrgonh eat
other isolated € acceptors and positively charged compen-treatmerlt of samples in face-to-face contact led to the com-
sating donors! After samples are annealed there are reducpIete destruction C.)f the epitaxial Iayer;. This 'problem was
tions of the linewidth of the ELVM implying reductions in  OV&rcome by coating the layers with Si@ a thickness of

the magnitude of the internal electric fields due to reductiond-2 #M- The SiQ was deposited by plasma-enhanced chemi-

in [Cp] and the concentration of ionized donors. The obser-Cal vapor deposition using a mixture of 5% silane (4?”'“.“
[Ce] ,and NO gasegl Torr: 13.56 MHz: 24 W: 300 °E; simi-

vations also imply the absence of free carriers that woul X : ;
otherwise screen the electric field at the locations of tpe C'a' 10 that described in Ref. 18. After a RTA, the Silayer
atoms. was removed by dipping the sample in hydrofluoric acid.

Room-temperature Hall-effect measurements using the
van der Pauw geometry with indium dot contacts made at a
temperature below 350°C showed that the MR949 and
MR950 samples remained semi-insulating up to, and includ-
ing, 700 °C. An exception was a sample of MR950, annealed
at 600°C, that became slightlyp-type with p=6
X 10*%cm™3. After anneals at 800 °C, the samples showed
weakn-type conductivity withn~10%cm™3. Epilayer thick-
nesses of 8.um (MR949 and 10.3um (MR950 had been
determined previously from SIMS measurements but varied
by +5% across the 2-in. wafér.

IR-absorption measurements of each sample were made at
~10 K using a Bruker IFS 120 HR interferometer with a
spectral resolution of 0.02 cm and compared with corre-
sponding data for the as-grown waféf&ble |). Calibration
factors,f(Cp) andf(H-Cp), are required to determine impu-
rity concentrations from values of the integrated absorption

FIG. 2. Broadening of the ©IR LVM shown on an expanded COefficients(IA) of the G, and the H-G LVM's, respec-
wave-number scale for sample MR950 after the growth of the layefively: the concentrations are given tiycm™)xIA (cm™).
and following anneals at progressively increasing temperatureSince these calibration factors have not been determined for
when the concentration of isolated carbon acceptors is reduced. THBP the concentrations were estimated using the factors for
letters a,b,c,d,erefer to the as-grown sample and other samplesthe corresponding centers in Gafsee the caption of Table
following anneals at 500 °C, 600 °C, 700 °C, and 800 °C. | and Ref. 6.

Absorption coefficient (cm™)

0‘_ :

544 546 548 550
Wavenumber (cm'?)
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Low-temperature(77 K) Raman measurements were 500
made in the back-scattering geometry from ¢h@0 growth
surface using excitation from a Kson laser with hy 400k ///
=3.00 or 3.05 eV. The scattered light, recorded for the 0
X(z,z)-x or x(y,z)-x scattering configurations, where vy, & i &
andz denote(100) crystallographic directions, was dispersed g 300r .
in a triple spectrometer and detected with a silicon charge- Z_Z ///
coupled detectofCCD) array. Measurements were made for 200 - -
the spectral ranges from 60—2200 and 3000—4500"dor Lo
samples of MR949, as described above. The Raman probe 1006 /,/’
depth, 1/(2¢r)=17 nm, wherex is the absorption coefficient, )
was derived for photons with an energy of 3.00 eV using the P
data for the room-temperature dielectric function given in 0 . .

0 1000 2000 3000

Ref. 19 and the temperature dependence of the band gap
given in Ref. 20. Further Raman measurements were made
after samples had been chemically etched to remove a sur- FIG. 3. Plot showing the correlations of the integrated absorp-
face layer of thickness of-1 um to determine whether this tions(IA’s) of the IR LVM at 521 cm'* (squaresE mode and the
region, that had been in contact with the layer of Si@as IR LVM at 414 cmi ! (diamondsA; mode as a function of the IA

IA of stretch mode (cm?)

representative of the bulk. of the IR LVM at 2703 cm?! (A, stretch modg for samples
MR950 and MR949 before and after annealing. The dasbeld)
Ill. RESULTS line is a least-square fit to the squatédmmond$ and has a gradient

of 0.150(0.134.
A. IR measurements of the modes of isolated carbon atoms ( 3

and H-Cp pairs .
Following anneals at 600 °C and 700 °C the MR949 and

After an anneal at 500 °C, the same as the growth temyRg50 samples were still semi-insulating but after the final
perature, IR measurements showadreasesin [Cp] of 8 anneal at 800 °C, they showed weaakype conductivity with
x107cm™® for both samples MR94600°0 and p—30x10" and 1.7 10%cm 3, respectively. These con-
MR9501500 °Q and decreases iH-Cp] of 8x 10" and 1  centrations are negligible compared with the residual values
X 10"cm™3, respectively, that are attributed to dissociationgf [C,]~1.5x 10'8cm™3 that would give rise to strong
of the pairs(Table ). The net gain of carbon in sample p.type conductivity unless compensating donor centers or
MR9501(500 °Q implies that other sources of carbon mustpole traps were still present.
have been present and since the annealed samples remained
semi-insulating, there must have been increases in the con-
centration of compensating donor centésse Sec. Il Q. B. Analysis of the line shape of the isolated carbon vibrational
Anneals of both sets of samples at higher temperatures of mode

600, 700, and 800 °C led to progressiegluctionsin [Cp] The theoretical profiles that result from random electric-
(Figs. 1 and % implying the formation of carbon aggregates fie|q broadening are given by a normalized universal func-
that are not IR active. tion, G(w/w*), where »* is a scaling frequency!’ The
There were also reductions in the strengths of the thregnction is generated from splittings of the InP:C triplet
modes that are attributed to H-@airs in MR949: these are | v\ absorption line produced from the statistically distrib-
the A; -antisymmetric stretch mode at 2703.3 Cthe  yted electric fields at the atom that arise from all possible
A -symmetric stretch mode at 413.5 chand a transverse configurations of surrounding charged impurities. In addition
E mode at 521.1 cm' with dominant carbon displacements: to the distribution of field strengths that follows a function
the E mode with dominant hydrogen displacements is notdue originally to Holtsmark® the random distribution of
detected, consistent with its expected low dipole moment, afield orientations is required. The scaling frequenay is
found for the corresponding mode of Hg(pairs in GaA$  proportional to the 2/3 power of the concentration of the
Measurements of the three H-Gnes following anneals at surrounding charged impurities. This follows from the field
temperatures up to 700°C demonstrate that their strengthsrengths from point charges falling off as the inverse square
are correlatedFig. 3): the H-G pair lines are not detected of their distance from the center. Provided that the charge
after the 800°C anneal. Satellite lines at 2756¢m{A  compensation mechanism is the same for all the samples, the
~10cm Y and 2818 cm? (A=6 cm %) on the high-energy concentration of the surrounding charged impurities will be
side of the H-G A; -stretch modéMR949) had strengths of proportional to the IA for the carbon acceptors.
only ~3% of that of the main line and are similar to satellite =~ To account for other sources of broadening, such as inho-
lines detected in highly doped GaAs:C due to paired substimogeneous strain from point defects or dislocations, limited
tutional carbon atoms complexed with a hydrogen atbM. instrumental resolution, and three-phonon decay, each of the
After the anneal at 600 °C, absorption from these lines in InFsharp lines formed by splitting the triplet with a particular
was below the detection limit. It is inferred that there is electric field is replaced by a profile characterizedpyits
dissociation of the centers, with subsequent out-diffusion ohalf-width at half maximurri.e., A/2). The form of the pro-
the hydrogen or the formation of internal hydrogen clustersfile will depend on the relative strengths of these sources:
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TABLE Il. Details of electric-field broadening for sample
MR949. he,, is the experimental peak height above a baseline
taken between 543 and 551 ¢ The values of the integrated
absorption(lA), measured from the same base line, are smaller by
up to~10% than those that can be inferred from the concentrations
listed in Table | due to a different choice of base line.

o]
o
o

~&
Q
o

Absorption coefficient (cm™)

IA hexpt w* w* Y 600 a
em? (em?h) (em?Y) Gayzm  (m? b
500 TT~—e—
As grown 748 670 024 0.00291 0.07
500°C anneal 899 694 027 0.00290 0.08
600°C anneal 718 675 0.24 0.00299 0.06 4%36_3 e e Py
700°C anneal 337 436 018 0.00372 0.04 Wavenumber (cm™)

800 °C anneal 172 297 0.12 0.00388 0.04

FIG. 4. Example of the fitting procedure applied to the profile of
the G LVM for sample MR949 annealed at 600 °C with only the
see, for example, Ref. 24 where theoretical analyses indicagentral peak and the shoulders displayed. The scale of the absorp-
that dislocations give rise to nearly Gaussian profilestion coefficients is offset to coinside with the experimental data
whereas point defects lead to Lorentzian profiles. As in oushown in Fig. 1. Theoretical profiles are shown as the thinner lines
earlier Work?'17 we assume a Lorentzian form. The normal- (a,b,0 for three choices of the scaling frequenﬂfl: in order from
ized theoretical profile for the broadened triplet is completelythe highest to the lowest shouldess’ =0.21, 0.24, and 0.27 c.
specified by the two parametesst, the scaling frequency In each case, the residual half-width is determined by forcing agree-
and v, the residual half-width ’ " ment with the peak value for the experimental profileown as the

’ : ; e — <1 +1

From Fig. 4 of Ref. 17 it is clear that the overall width of th|<i|<1er ling: (8 y=0.078c¢m, (b) 0.061 cm*, and(c) 0.048
the theoretical profile does not depend appreciably on th&™ ’reSpeCt'\.'ely(The.scale for t.he absorption coefficients is off-
value used fory provided that it is small compared with* . Set to agree with the display in Fig.)1.

For y=0, the central feature is logarithmically divergent and ) ) )
the profile displays prominent shoulders. Ads increased, metry of the experimental spectra. Fitted compromise values
. 4 * . .

the peak height is reduced and the shoulders become lef @” andy are listed in Tables Il and Iil. S
pronounced. We may therefore choas® by fitting to the From*the results in Tables Il and lll, proportionality be-
overall width of an experimental profile and, after scaling theteen@™ and IA to the 2/3 power appears to be remarkably
(normalized theoretical profile to achieve agreement with well satisfied for the two samples in their as-grown state and
the observed IA, adjusting to give the experimental peak &fter the 500°C and 600 °C anneals. Another roughly equal
height. Values for experimental I1A’s and peak heights aré)roportlonahEy constant — emerges for _ se:mples
given in Tables Il and Ill. Reasonably good representationd/R949(700 °0, MF‘?949£800 O, and MR950:800°Q
of the shoulders result without any further adjustment to thabut not for MR950(700°Q]. It is possible that another
parameters. As an illustration of the fitting procedure, Wecompensatlonomechanlsm comes into play forzg,amples an-
show in Fig. 4 a section of the experimental profile, includ-nealed at 700 °C or above. The increasefif (IA)=" for the
ing the shoulders and the peak, for sample MR949 annealddgh-temperature anneals would be explained if the reduc-
at 600 °C compared with three choicesaf taking, in each tions in[ Cp] are smaller than the reductions of the concen-
case, a value ofy that reproduces the peak height. With trations of other charged defects that are present.
w* =0.24cm ! there is good agreement with experiment on The fitted residual half-widthy decreases from 0.06 to

- 71 - .
the low-frequency side of the absorption peak but less goo§:025 cm~ as the anneal temperature is increased for
agreement on the high-frequency side. The theoretical profil¥R950 (Table 1il). The slightly larger values found for the

is symmetric about the peak and cannot reproduce the asyAR949 sample(Table 1)) are consistent with the higher
strain and a small shift in the lattice parameter revealed by

TABLE Il Details of electric-field broadening for sample high-resolution x-ray dafafor the as-grown wafer. All the
MR950.h,,is the peak height above a base line taken 544 and 555alues ofy are significantly greater than the instrumental IR

cm™L. Comments on IA are the same as in Table I1. resolution of 0.02 cm?, demonstrating that the broadening is
not limited for this reason. It is implied that there must have
IA Pexpt o* w* % been modifications of the compensation process and/or re-
(em?® (m?d (em? A (cm™Y ductions of inhomogeneous strains as a result of the anneal-
ing.
As grown 339 435 0.15 0.00309 0.060

500 °C anneal 451 584 0.18 0.00306 0.041
600 °C anneal 349 519 0.15 0.00308 0.039
700 °C anneal 404 572 0.18 0.00329 0.032 Raman measurements made on an as-grown sample of
800°C anneal 254 436 0.5 000374 0.025 MR949 reveal the LVM of'“C; at 546.5 cm* (Fig. 5), as
found by IR absorptiofi.The scattering strength with an in-

C. Raman scattering measurements
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X(¥,2)-X  hy, = 3.00eV

--------------- X(2,2)X 1, _ InP:C hv, = 3.00eV
Cp | T=77K T=77K

X(y,2)-X

INTENSITY (arb. units)
INTENSITY (arb. units)

w

480 520 560 600
RAMAN SHIFT (cm™)

inP
undoped

480 520 560 600
RAMAN SHIFT (cm)

E L 77 K R ded in th FIG. 6. Comparison of the Raman scattering strengths of the
G. 5. Low-temperatur€77 K) Raman spectra recorded in the 120 \\1 in 1nP:C with different carbon contents for the as-grown
X(x,2)-x andx(z,2)-x scattering configurations from the as-grown samples MR949 and MR950. For comparison, the Raman spectrum

InP:C sample MR949 and a reference spectrum from undoped InP, : ; :
of undoped InP is also displayed. The spectral resolution was set to
The spectra show th&Cr LVM and an E mode of the HYC, 25 Cm}l) pay P

complex. The spectral resolution was set to 2.5 tm

cident laser energy of 3.00 eV is stronger by a factor-@f5  in GaAs is extremely weak The absence of a line due to
for the x(y,z)-x geometry than that for the(z,z)-x geom-  the A] mode is explained by the use of laser excitation en-
etry. The nonzero scattering for th€z,z)-x geometry is ergies of 3.00 or 3.05 eV that are smaller than the InP
explained by roughening of the surface of the sample durinde,/(E;+ A) band gap of 3.25-3.38 eV at 77(Kee Sec. )|
growth of the epilayer: greater roughening is expected folprecluding resonant enhancements as found foAthenode
lowing the etching of samples, see below. This scattering asf H-Cp pairs in GaAs*’ Corresponding enhancement effects
546.5 cm tis attributed to arF, (T,) mode of a*?Cy center
with T4 symmetry?®

As expected from the IR data, the scattering intensity at InP:C hvL = 3.00eV
77 K of the G line in the as-grown MR949 sample was X(y,2)- T=77K
stronger by a factor of~2.7 than that from the MR950 '

sample using a laser energy of 3.00 €&g. 6) or 3.05 eV: '
the strength of the intrinsic InP second-order phonon scatter- :CP 800°C
ing was used as an internal reference. As the strength of the : ;
line in MR950 was only~3 times greater than the noise :
: 700°C

level, it was too small to be investigated by Raman scattering
following anneals of the samples. The intensity at 77 K of
the G line for unetched MR949 samples after anneals at
500 °C, 600 °C, and 700 °C showed only small char(@és.
7) but a later second set of measurements revealed a reduc-
tion in [Cp] by ~40% after the 700 °C anneal. This differ-
ence is attributed to nonuniformity of the surface roughness.
The line was not detected in the sample annealed at 800 °C
(<8% of the as-grown sampleThese measurements are in
essential agreement with the IR dafable I).

The observed polarization dependence of the 521%cm

INTENSITY (arb. units)

as-grown

Raman line(cf. IR frequency of 521.1 ci) due to H-G 480 520 560 600

pairs is compatible with the assignment to a transvéise RAMAN SHIFT (cm™)

mode, although the strength of this argument is limited by

the poor signal-to-noise rati@-ig. 5). The lack of observa- FIG. 7. The dependence of the Raman scattering strength of the

tion of an E mode with dominant hydrogen displacements'?C, LVM as a function of the anneal temperature for samples of
was not surprising as the corresponding mode of H-C pairsiafer MR949. The spectral resolution was 2.5 ¢m
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An additional line at 1557.9 cit, together with a broad
| vibrational band A ~70cm ) centered around 1580 crh
InP:C not present in the spectra of as-grown samples, appeared
hvi = 3.00eV after the anneals at 600 °C and the band became very strong
' after the 700 °C anneal. The broadband is characteristic of
T=77K L amorphous carbdf332and appeared with similar strengths

gen atoms released from Hs@airs during the anneals but

an associated vibrational frequency-a4000 cm ! was not
detected. This does not necessarily imply that molecules
500°C were absent as they have only been reported at concentra-

tions in the range 16-10°cm 2 in GaAs samples follow-
ing exposure to a hydrogen plasia.
w
1200 1600 ; 2000 Assignments of the Raman LVM lines in the range 1763—
RAMAN SHIFT (cm™) 1814 cm* to dicarbon centers are inferred from compari-

FIG. 8. Spectra of high-frequency Raman lines from as-aro nsons with corresponding lines observed in GaAs:C and
- O 9P gh-irequency 9rOWNAIAS:C.1213 The loss during anneals dfC,s and 13C,, ac-

and annealed InP:C samples from wafer MR949. Raman lines du((;ee tors. present in nearlv equal concentrations in doped
to carbon complexes in InP:C are marked by vertical arraw§; P » P Ary d . 1op
aAs, led to the formation of two types of split-interstitial

gsgc;tl?; Isacnr?{? scattering from amorphous carbon. Spectral resol icarbon C-C center@on-IR-active @ molecules that were
each unambiguously identified by Raman scattering as
for InAs and InSb are reported in Ref. 28. Finally, the ab-12C-'C, 12C-13C, and3C-3C pairs.Ab initio calculationd®
sence of detectable scattering from t#he stretch mode is demonstrated that the C-C defects were located on As lattice
not inconsistent with the small signal-to-noise ratio found forsites in the positive charge state and that the molecules could
this mode in GaAgRef. 27 and AlAs?® be present in either of two inequivalent orientations. Corre-
The surfaces of an as-grown sample, and samples asponding centerabeled T1 and TRwere also observed in
nealed at 500 °C and 600 °C, were extremely rough follow-AlIAs. The pairs of'?C-?C modes in the two lattices have
ing etching to a depth of 1 um (see Sec. )| as indicated by the same mean frequency ©f1800 cm * but with line sepa-
intense elastic scattering from the gas discharge lines of theations of 87 and 96 citt, respectively. The two strong lines
Kr* laser, and the £lines were not resolved. An etched at 1784.9 and 1814.0 cm, observed in the present InP:C
sample annealed at 700 °C did, however, show thdir®@  samples, also have a mean energy-d800 cm * but with a
but with a strength of only 15% of that for the unetched,smaller separation of 25 cm and relative strengths in the
as-grown sample. Thegdine was not observed in the etched opposite sense to those in GaAs and AlAs. Whereas the as-
sample annealed at 800 °C. It could be inferred that the valugrown GaAs and AlAs samples were very stronglyype,
of [Cp] in the bulk of the 700 °C annealed material is some-and remaineg type after annealing, the InP samples were
what lower than that in the region close to the as-growrfully compensated. The two C-C centers in the former mate-
interface with the original surface SjQayer. However, the rials were therefore identified as ionized deep donor defects
difference is more likely to be due to the wet chemical-in the positive charge state. The related defects in the present
etching process adding to the surface roughness alreadgP samples might be negatively charged, neutral, or posi-
present as a result of the prior plasma procesSiagd the tively charged during examination, since account must be
removal of the Si@layer by HF acid. taken of photoexcitation due to the incident laser radiation
Of greatest importance are the observations of Ramarequired to make the Raman measurements. Changes in the
scattering at 1784.9 and 1814 thfrom the as-grown charge states of the C-C centers leads to shifts in the LVM
MR949 sample(Fig. 8). The strengths of these modes frequencies according to trab initio calculations for GaAs
creasedin the same ratio following anneals at 500°C andand AlAs®® In the absence of illumination, C-C donors
600°C and a correlated third line appeared and grew awould compensate some fraction of the isolated carbon ac-
1763.7 cm™. There were no further changes after the 700 °Cceptors in the as-grown InP layers and the remainipg C
anneal but after the 800 °C anneal, the lines were no longeacceptors would be passivated by hydrogen atoms. It has
resolved due to strong background scattering and/or luminegeen demonstrated thRE-C] increases as the anneal tem-
cence that occurred in the range 1000—2000 tnEssen- perature is raised and at some stage may exceed the remain-
tially identical results were obtained for the etched samplesng [Cp]. Since the excess dicarbon centers are deep defects,

o in both the unetched and etched samples. These observations
= demonstrate that carbon precipitates formed in the bulk of
; the samples during annealing and were not present only as
5 l a-C l surface contamination. The first stage of aggregation is
S| 4TO / clearly C-C formation.

= 600°C H, molecules may have formed by the pairing of hydro-
7]
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I_
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IV. DISCUSSION
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any increase in the carrier concentration at room temperatutigased on the sequent®Si, 92.3% at 431.6 cm'), (*°Si,
is expected to be small but could account for the measured. 79 at 427.1 cm?), and (°°Si,, 3.0% at 423.1 cm') with
n-type conductivity of the samples that had been annealed @he assumption that the local force constants are similar. No
800 °C. such LVM has been observed. A weak gap mode at 209.86
Dicarbon centers can only form if carbon atoms makecm™! (A=0.16cm) observed in two Si-doped bulk
diffusion jumps to interstitial sites and then diffuse and aresamples is tentatively attributed tSi,,; no corresponding
trapped by remaining substitutional carbon atoms. A discusgmM from 31p . at a somewhat lower energy was found in
sion of this process for GaAs and AlAs is given in Ref. 34 ejther the bulk or the epitaxial InP. Two GM'’s observed at
and the diffusion activation energy is calculated to be 0.7 e\bg1.1 and 284.6 cit in the epilayers are of unknown ori-
for both host crystals. As the anneal temperature is increasqﬁn_ Likewise, a cluster of seven lines with frequencies be-
the diffusion coefficient of the interstitial carbon atoms tween 351 and 360 cit and linewidthsA ~0.3 cmi?, de-

would increase, consistent with the increased formation ofected from the as-grown samples MR949 and MR950, are
amorphous carbon inclusions. There is evidence that thgiso of unknown origin. The two GM's and these lines
bonding of carbon atoms to In neighbors is weaker than thajtarted to anneal at 600 °C and were not detected after the
to Ga or Al neighbors® As a consequence, the transfer of 700 °C heat treatment. We cannot rule out the possibility that
carbon atoms to interstitial sites in InP is likely to occur these various lines may be related®#®,, antisite defects as
more readily than in GaAs or AlAs, allowing rapid formation three types of defects have been observed by optically de-
of the observed C-C centers. The formation of C-C centergscted electron nuclear double reson4A¢®@DENDOR and
could reduce the strain in the InP and lead to reductiong in it has been reported that they are stable up to 508 <@n

(Sec. IIB). - the other hand, there is no clear evidence for the presence of
The possibility that other donor centefié,H,, Cy,, and  p defects.

P,) were present was also considered. The IR LVRET. 9

of V,,H, donors at 2316 cm" was observed in our as-grown V. SUMMARY AND CONCLUSIONS

InP substrates that were wedged and had thicknesses of ) )
~300 um. The measured integrated absorption coefficient N Summary, the compensation of the carbon acceptors in
(IA) of 0.10=0.02 cm 2 leads to[V,,H,]=4.5x 10t5cm™3 the as-grown epitaxial layers is explained by the presence of
using the calibration that an 1A of 1 cr corresponds to a H-C pairs and deep dicarbon donor centers without invoking
concentration of 4.5 10 cm 3.2 The combined IA’s of the  the presence of other types of donor. Subsequent heat treat-

substrate and the epitaxial layers were no greater than tHB€Nts lead to the dissociation of the H-C defects and there
values for the substrate alone, implying that the concentra®'€ 10Sses of carbon acceptors from solution. During these
tion of V|,H, complexes incorporated in the layers must havea_nneals carbon atoms must jump Into interstitial sites and
been less than—4.5x10%cm 3. The measured IA de- diffuse tq fprm dicarbon defects, and larger amorphous car-
creased after the sample had been annealed at 700°C aR@" precipitates? both of which are only revealed by Raman

was not detected after the anneal at 800 °C, consistent Wiﬂ;]cattering. No evidence has_ been found for the inc_or_poration
other reportd?3® Thus, [V,,H,] is smaller by a factor of of V|,H4, Cy, Or B, donors in these samples and it is con-

~ 10 than that required to compensate the carbon acceptoﬁoidered unlikely that these centers play a role in the compen-

in the epitaxial layers sation process. After the higher-temperature anneals, the
We considered thé possibility that @onors, as well as continuing presence of dicarbon centers maintains the com-
n il

carbon acceptors £ were introduced into the samples dur- pegsatlon l;]p to 70% C. 'Ifthhet;ormatlon O.I dltclarbon fcentte)zrs
ing growth. According toab initio local-density-functional and amorpnous carbon wi € concomitant foss of carbon

calculations, the frequency of the donor LVM is lower than acceptors continues at 800°C and Is expected to lead to ex-
that of the acceptor by 30 ¢h¥’ This would place the £ cess deep donors so that the samples would become slightly

LVM frequency at 517 criit, which is at the steep edge of n-type at room temperature, as found experimentally. This

: : xcess of donors, together with the reductio will
the spectral region where there is strong two-phonon absor[?- duce the number 0? strain centers and it ier{iIiIgl]y that the

tion. A line has not been detected and so there is no evidend ; . .

that these centers were present. The possibility that the g carbon defec_t will strain the lattice less t_han the small car-
mode (GM) at 220 cm* reported in Ref. 5 is due to,C on atoms. This may explain the sharpening of thd €M
donors cannot be ruled out since the epitaxial layers werQrOfIIe (Tables 1l and 1I).
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