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Di-Carbon Defects in Annealed Highly Carbon Doped GaAs
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Formation of bonded dicarbon C-C centers is deduced from the observation of Raman lines at
1742, 1708, andl674 cm™! in GaAs codoped with'?C and '°C after annealing at 85@C with
concomitant loss of vibrational scattering frothy;,. The frequencies agree with results alf initio
theory for a C-C split interstitial (deep donor) formed by the trapping of a mobile interstitial C
(displacedC ) atom by an undisplace@ s acceptor. Other mechanisms of carrier loss are inferred
since a weaker Raman ftriplet is detected at 1859, 1824, 1488 cm™' from a different C-C
complex. [S0031-9007(96)01981-3]

PACS numbers: 61.72.Vv, 61.72.Ji, 63.20.Pw, 78.30.Fs

Carbon atoms occupying As lattice sit@3,;) are the (LDF) predicts that the defect is a deep donor and that
preferred acceptor in GaAs [1] but they have a smal(!>?C-'>C)* pairs in AlAs give rise to a Raman active
covalent radius so that the lattice parameigy) of the  stretch mode at a frequency t§90 cm™! and an infrared
as-grown material is smaller than that of undoped GaAs(IR) active E mode at443 cm™! [8]: we show that the
Annealing highly doped sampldd” ~ 850 °C) leads to  corresponding frequencies for the analogous defect in
large reductions in the initial carrier concentratipp,  GaAs are predicted to be 1798 ap2d cm™!. To date,

[2] and an increase af, towards that of undoped GaAs. only broad bands at 1355 antb85 cm™! have been
There is no evidence for carbon site switching to produce®bserved in Raman spectra of annealed GaAs following
Cg. donors [3], and the change im, is not explained ion implantation with*?C [10]. These features correspond
because As and Ga atoms have similar covalent radii [4}o the D and G bands ofsp? bonded graphitic carbon

It was later proposed that the introduction of interstitial particles, and they shift to lower energies when samples
hydrogen atoms might play a role [4] since they passivatare implanted with'3C, rather than'?C, confirming the
the C, acceptors [3] and thdl-C, pairs reduce the proposed assignment.

lattice contraction [5]. However, highly doped GaAs We now report a study of carbon doped GaAs that re-
grown by chemical beam epitaxy (CBE) containing aceived only thermal treatments to avoid possible compli-
negligible concentration of hydrogen also shows highcations arising from radiation damage [11]. The samples
temperature instability [6]; this proposal is also clearlywere grown at 540C by CBE using triethylgallium and
incorrect. cracked arsine and were doped with carbdfC( *°C,

A third proposal, the subject of this Letter, is that ator a mixture of *2C and *C) derived from*?CBr, and
elevated temperaturés,  acceptors jump into interstitial *CBr, sources. Values gf, were determined from Hall
sites. The presence of such atoms has been invoked effect measurements (300 K) and of [C] by secondary ion
to explain channeling measurements in as-grown epitaxiahass spectrometry (SIMS) (see Refs. [3,12]). Anneals,
GaAs:C, but the possibility that there may have beercarried out in flowing gas (10% fin Ar) with a face-
effects due to the presence of a large concentration db-face capping configuration using undoped GaAs, were
hydrogen was not considered [7]. However(if atoms made at temperatures up to 8&Dfor up to 4 h. Raman
were mobile they could be trapped By atoms to form  measurements (77 K) were made in the backscattering
split-interstitial pairs(C — C)[100) aligned along a [100] geometry using excitation either from an *Aion laser
direction [8,9]. Ab initio local density functional theory (hv; = 2.71 eV) or from a Kr' ion laser v, = 3.00
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or 3.05 eV) [12]. The polarization of the incident light deep donors involving-10?° cm~3 carbon atoms. It is
was either parallel or perpendicular to that of the detectednplied that additional carbon atoms in a concentration
light. The thicknesses of the epitaxial layg¢rs300 nm)  of ~7 X 10" cm™3 were present as electrically neutral
were much greater than the probing depths in the Ramatomplexes. Weak Raman scattering from the symmetric
experiments of 20 and 10 nm, respectively for the twoA; mode of H-C o5 pairs was present in some as-grown
lasers [12]. samples [12], although it was usually, but not always,
Raman measurements (2.71 eV excitation) made on absent after the anneflH-C,] = 3 X 10'® cm™3; de-
sample with[2C , . Jo (Raman and SIMS)-p, ~ 2.5 X tection limit=5 X 10'7 cm~3; measurements made on 4
10%°%cm™3 (Hall) showed reductions in the strength of the samples The loss ofC,s was therefore not due pre-
scattering from thé3C 5, mode upon thermal annealing, dominantly to the indiffusion of H atoms during the cool-
corresponding to a-70% reduction in['*C ] using the ing period at the end of the anneal.
established calibration foPC, [13]. For optical exci- The most important new Raman results are shown in
tation at 3.00 eV (Fig. 1) no calibration is available butFig. 2. In annealed (82%, 3.5 h) GaAs’C (p, =
there is an inferred 90% reduction [WCas]. As the 5 x 10%° cm™3), two lines are observed at 1742 and
probing depths for the two laser lines differ by a factor1859 cm™'. In GaAs®C (py = 5 X 10*° cm™2), there
of 2, the Raman data could indicate a greater reductioare two corresponding lines at 1674 and8s cm™!,
of [Cas] (after annealing) close to the surface. The finaleach isotopically shifted by a factor of 1.040, close to
value of[C 5], is the sum of the electrically compensated(13/12)1/2 = 1.041. These modes relate to (C-C) di-
and uncompensated isolated acceptors since a changarbon centers incorporating equivalent carbon atoms
in the charge state fror , to C%, does not lead to a since twotriplet structures are present, each with relative
measurable shift in the localized vibrational mode (LVM) strengths close to 1:2:1 in samples containing nearly equal
frequency [11]. The value diCas]s = 8 X 10" cm™3  concentrations of'?C] and [*C] of 1.0 X 10%° cm™3:
(hvy = 2.71 eV) was larger tharps ~ 3 X 10" cm™  modes from'2C-13C pairs occur at 1708 antB24 cm™!
and so the concentration of hole traps that were intro{Table I). All lines in the lower frequency group (T1)
duced must have been5 X 10" cm™3. We shall iden-
tify these traps witf3C-13C]* defects present as single
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FIG. 1. Raman scattering (resolutiod.5 cm™!) from a nealed samples that contained [&)C, Jo = 5 X 10 cm™,
sample with['3Ca,Jo = 2.5 X 10% cm~3 showing reductions (b) ['*C,.Jo =5 X 10* cm™3, and (c) nearly equal concen-
in [°C,. ]+ as a function of annealing treatments. Changegrations of['*C, ]y = [*C,Jo = 1.0 X 10* cm™ and with

in the strength and position of the resonantly enhanced 2LQ = 2.5 X 10%° cm™3. Samples (a) and (b) each show two
scattering are due to changes pnand the improvement of lines, and there are isotopic shifts produced by changfi@gto

the crystal perfection with increasing temperature (or time) of3C. The triplet structures shown by sample (c) demonstrate
the anneal. that the defects are bonded (C-C) dicarbon defects (Table I).
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have full widths at half heighin\ = 8 cm™! and those TABLE I. Experimental and calculated LVM frequencies
at the higher frequencies (T2) have= 17 cm™!. The and calculated length® (A) of the C-C bonds of dicarbon
modes havel; symmetry since the strength of the scatter-COMplexes in GaAs.

ing is greater for parallel rather than crossed polarizations Triplet frequenciegcm™") B (A)

of the incident and scattered radiation [12]. We note that (C-C) Defect c-l:c rc3c Be-Be c-C
H 12 H —1

the frequency of the line fro?C-'2C pairs at1742 cm Expt..T1 1742 1708 1674

is comparable with that of a double bond€d=C struc-
o i
mgelet:huall; :?54? characteristic frequency1650 cm™ in L pEa (C-C)gom 1798 1764 1728 124
Two of our samples doped wit?C and!3C, respec- LPF* (C-C)piogy 1507 1478 1448 131
tively, showed broad bands at1600 and1370 cm™! due  LDF (As cage’ 1887 1850 1813 1.23
to sp2-bonded clusters of?C [10]. We attribute these LDF (Ga cag¢’ 1657 1624 1592 1.26
_bands' to sprface contamination because of the lack of aJaC-C)[mo] center in As lattice site with°Ga neighbors: shifts
isotopic shift. on replacing®Ga by 7'Ga less tha®.002 cm™!; £ modes pre-
Since two Raman triplets are observed, it is necessamjicted at~320 and417 cm™! for the positive and neutral charge
to consider whether one or two types of bonded (C-Cptates, respectively, are not observed by Raman scattering or by
center are formed. The observations could relate to & absorption.
single defect with a deep level (involving a highly local-
ized electron) present in two charge states: alternativelygould be a(C-C)10; split interstital. Two further weak
T2 might be due to the excitation of bonded (C-C) modedines at 1152 cm™! (*%C) and 1120 cm™! (}3C) (not
combined with carbon-induced resonan¢ed20 cm™!) shown) were only detected for excitation withy; ~
derived from the top of the transverse acoustic phonod.0 eV but were not observed in the mixed isotope
band of GaAs, previously found for isoelectrorli@3;,  sample. The frequency ratio of these lines (1.028) is
impurities at123 cm™! [15]. It is not known if carbon significantly smaller than that for a full carbon isotopic
resonances exist as IR absorption measurements canrshtift (1.041), and assignments of these lines are unknown.
be made because there is intense free-carrier absorptionThe structure and vibrational frequencies of the
in this spectral region. However, this second possibility(C-C)100) complex in GaAs were calculated la initio
is considered unlikely as the strength of T2 is about 30%.DF theory (see Refs. [8,17]) for both its positive and
of that of T1 in all the annealed samples. The relative
strengths of the tw¢'3C-'3C) lines were unchanged after
wet etching was used to reduce the thickness ét@&
doped layer by 50%. Nevertheless, the t@WéC-'2C) GaAs: 12C
modes observed in one as-growfC sample had ap- T=77K
proximately equal strengths, rather than the 3:1 ratio—
this observation may indicate that two distinct centers are
present.
To study the effect of photo-generated carriers on the

Expt.:T2 1859 1824 1788

charge state of the scattering centers, the incident power % v = 3.05eV
density vy = 3.00 eV: laser power on the sample :
150 mW, focused spdt0 wm in diameter) was reduced 3
by a factor of 3. This resulted in a reduction in the 2
intensity of the1742 cm™! (12C-12C) mode (T1: Table 1) g
by a factor of 1.9: the corresponding reduction in the kS hv, = 3.00eV

1859 cm™! (T2) line was 2.3. The scattering from
both modes changes sublinearly with excitation power,
indicating that photo-generated carriers may have some
effect on the charge state and hence on the apparent
concentrations of the scattering centers. hve =2.71eV
Spectra were then recorded for the sample doped with
12C using laser energies of 2.71, 3.00, or 3.05 eV (Fig. 3). I R T TR
The lines at1859 cm™! (1788 cm™!) from *°C (**C) (T2) 1600 1700 1800 1900 2000
show strong resonant enhancements whenis close to Raman shift (cm™)
the E, gap of GaAS. 0f~3.00 PTV (see Ref. [16]). T?e FIG. 3. Raman spectra of an annealed (85D GaAs!’C
nonreson_ant beh_awor of the line from T1 Bt42 cm __sample showing resonant enhancement for, ~ 3.0 eV
(1674 cm™') provides evidence that two complexes with (resolutions cm™1) of the line at1859 cm~" but not for that at
different electronic levels are present, only one of which1742 cm™! (Table |, Fig. 2).
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