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Abstract. Cryogenic (4.2 K) infrared absorption measurements of GaAs films grown 
by MOMBE and containing a high concentration of carbon acceptors ( -2  x IO2' cm - 
show an asymmetric Fano resonance at t h e  frequency of t h e  CA. local mode 
(582 cm-'). After rapid transient annealing at 950 "C for 12 s in an atmosphere of 
helium and arsine, there  is a reduction in t h e  hole concentration, and localized 
vibrational mode (LVM) spectroscopy reveals t h e  presence 01 nearest neighbour 
H-C,, passivated pairs. Previously unreported lines at 452.8 cm -' and 563.0 cm-' 
may be due to the vibrations of the passivated carbon atoms, or possibly C,. 
donors. 

There is considerable current interest in doping thin films 
of GaAs with carbon impurities to produce stable p-type 
layers that may be incorporated into heterojunction 
bipolar transistors. When films are deposited by the 
metal organic molecular beam epitaxy (MOMBE) tech- 
nique using beams of trimethyl gallium (TMG) and As, 
molecules, doping levels of up to 3.5 x 10'' cm-, can be 
achieved. At this level the resulting hole concentration 
measured by the Hall effect is only some 40"/, of the total 
carbon content as measured by secondary-ion mass 
spectrometry (SIMS) [I]. It could be speculated that CO, 
donors are produced and compensate the CA, acceptors, 
although at low doping levels there is no evidence for the 
existence of the donor species. 

An x-ray study carried out on these films [1] showed 
significant changes Aal in the lattice spacing normal to 
the (001) surface of a semi-insulating (SI) substrate. There 
was good agreement with the change expected from 
Vegard's law, provided the carbon atoms occupied sub- 
stitutional lattice sites. However, comparison of the 
measurements with calculations was not sensitive to the 
particular site occupied as the difference between the C 
and Ga covalent radii, Arcs = 0.49 A, is hardly distin- 
guishable from the corresponding difference between that 
of C and As with ArAs = 0.43 A. The epitaxial layers may 
have been strained since at the highest doping level a 
value of Aa,/a, - 2 x IO-, was measured, where a, is 
the lattice spacing for GaAs. In an attempt.to reduce any 
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such strain, samples have now been subjected to  a rapid 
transient anneal (RTA) at 950°C for 12s in an atmo- 
sphere of 1.25 SLPM arsine (ASH,) with 5 SLPM He (SLPM 
represents standard litre per minute). This treatment led 
to a reduction in the hole concentration [p] and an 
increase in the lattice parameter. The purpose of this 
paper is to report measurements using localized vibra- 
tional mode (LVM) infrared spectroscopy on these MOMBE 
layers, hoth in their as-grown and annealed states. 
Details of the samples examined are given in table I .  
Infrared ( I R )  absorption measurements were made with a 
Bruker IFS 113v interferometer at a spectral resolution 
of either 0.5 or 0.1 cm-' over the spectral range 100 to 
3500cm-' with the sample at a temperature close to 
4.2 K. 

Carbon has a low mass and gives a well known LVM 
line 121 at 582 cm-' from 12CAr which comprises nine 
fine structure components [3] arising from the various 
isotopic combinations of Ga nearest neighbours 
(69Ga 60%, "Ga40%) although only five features are 
resolved, even in lightly doped strain-free crystals. The 
overall width ofthis fine structure is only some 0.6 cm-'. 
A line from "CGa donors, if they were present, would he 
expected to lie in the same spectral region (cf the similar- 
ity[4] of the LVM frequencies for "SiCa donors at 
384 cm-' and 28Si,, acceptors at 399 cm-') but would 
show no fine structure since the "As nearest neighbours 
are 100% abundant. The concentration [CAJ in high 
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Tablel. Details of samples. 

Sample 

Parameter 2-16 2-20 2-31 
~ ~ 

Thickness (pm) 7.7 2.5 0.75 
SIMS [C ]  ( c r r 3 )  1.7 x IOzo 3.5 x IOzo Not uniform 
Hall [PI As-grown 9.4 x IO’’ 1.4 x IO2’ 2.3 x 102‘ 
(cm-”) Aiter RTA 6.4 x 1079 5.9 x ioi9 4.4 x ioie 

Difference 3.0 io ’e  8.1 10’9 1.9 1020 

H-CA, LVM A (cm - j )  2.6 3.8 4.2 
(2636 cm-’) IA (cm-’) 6.6 x 10‘ 2.3 x IO3 6.3 x IO3 
after RTAt  [H-C,.I I C m - ?  2.4 X 10” 8.4 X 10’’ 2.3 X IOzo 

t Defect concentration estimated for an apparent charge ’1 = 0.4% (see 
text). 

resistivity GaAs can be determined from the integrated 
absorption (LA) in the 582 cm-‘ line, since IA = 1 cm-’ 
corresponds to [CA.] = (1.0 + 0.2) x 1OI6 cm-’ [S,  61, 
In highly doped p-type material there is strong electronic 
absorption in the form of a continuum that increases in 
strength as the wavelength increases and the carbon LVM 
has to be separated from that continuum. 

Only sample 2-3 1 was sufficiently thin to give measur- 
able transmission in the region near and just below 
582 cm-’ in its as-grown state because of this electronic 
absorption. LVM absorption due to CA, was detected as 
an asymmetrlc Fano resonance (figure I), similar in 
shape to that reported by us previously for 9Be,, accep- 
tors at 482cm-’ in highly doped GaAs ([p] - 
lOI9 cm-’) grown by molecular beam epitaxy (MBE) 171. 
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Figure 1. Asymmetric Fano resonance due to CA. in (a) the 
as-grown sample 2-31 with the corresponding ordinate 
(left-hand side) calculated from the epitaxial layer 
thickness of 0.75 pm and (b) the same sample after RTA, the 
spectrum being displaced upwards by 36.5 cm -’. The inset 
shows mixed Ga isotopic fine structure due to absorption 
from CAS in the SI substrate superposed on the Fano 
resonance in spectrum (b ) .  The corresponding ordinate 
(right-hand side) was calculated from the  substrate 
thickness of 0.46 mm. 

The asymmetric shape results from electron-phonon 
coupling, but theoretical details have not been formu- 
lated. A similar interaction has been observed in Be- 
doped InSb [a], and the eRect is also present in boron- 
doped silicon where anti-resonances are found [SI. 

A consequence of the interaction is that it is only 
possible to make qualitative estimates of IA since the LVM 
absorption is spread over a range of energies around the 
normal position of the line and ‘dips’ in the absorption 
count as negative contributions towards t A  [9] .  For the 
as-grown sample 2-31 we have estimated LA - 6 x 
lo’ cm-*, giving [CA,] - 6 x l O I 9  cm-’, which is of the 
same order of magnitude as the value of [p] measured hy 
the Hall effect (table 1). The full-width-at-half-height of 
the line (A) was about 2.4 cm-’-four times greater than 
that observed for low carbon concentrations in strain- 
free material 131. No other LVM lines were observed in 
the as-grown sample, and so there was no euidence for the 
presence of C,. donors. However, weak lines at slightly 
lower energies than 582cm-’ would not have been 
detected because of the high level of noise in the spectra 
resulting from the low sample transmission. 

After RTA treatment, all three samples showed a 
significant reduction in the strength of the electronic 
continuum consistent with the measured reductions in 
[p] (table l), and an additional strong LVM line at 
2636cm-‘ was observed. Samples 2-16 and 2-20 re- 
mained opaque in the spectral region near 580 cm-’ but 
the increased transmission of sample 2-31 allowed vari- 
ous weak features to be detected (figure 2 and table 2) as 
discussed below. The CA, linewidth narrowed to A = 
2.2“’ (figure I )  and the IA was estimated to have 
decreased by a factor of about two, leading to a lower 
carbon acceptor concentration [CA,] - 4 x 10’9cm-3, 
which is in agreement with the value of [p] measured by 
the Hall effect (table I). The Fano asymmetry was less 
pronounced, possibly due to some electrical compensa- 
tion of the acceptors. Unfortunately, the presence of 
interference fringes in the spectra limited a quantitative 
assessment of the lineshape. Superposed on the Fano 
resonance was weak fine structure (figure l), which was 
attributed to CA, acceptors in the SI GaAs substrate in an 
estimated concentration [CA,] - 2 x 1 0 I 5  cm-3. 
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Table 2. LVM lines in sample 2-31 after RTA. 

? FWHH I* Concentration 
(cm-') Assignment A (cm-') (cm-') (cm-") 

Lines in epilayer 
452.8 X 1.4 0.9 103 0.9 x 10'9- 

583 ' 2 C A s  2.2 -4 103 -4 x 1 0 ~ s ~  
563.0 Y 3.2 1.4 x I@ 1.4 x 

2636 H-'"C,. 4.2 6.3 x lo3 2.3 x loznb 

Lines in GaAs SI substrate (NB narrow lines)': 
517.2 "Boa 0.8 0.35 2.6 x 
540.4 'OBGa 0.8 0.07 0.5 x 10" 

600.2 "BAS 1 .o 0.19 0.7 x 

a Estimated using the calibration appropriate for isolated CA. 
impurities, where IA = 1 cm-' = impurity concentration = 1.0 x 
10l6 cm-3 ( q  = 3.0 
would be obtained if a lower value of q were applicable. 

Estimated using an apparent charge q = 0.4% (see text). 
'See reference [ l l ]  for calibrations of defect concentrations. 

583 ' z C A s  0.6 0.23 2.3 x 1 0 ' ~  

0.3e) [5, 61. Higher values of the concentrations 

The LVM line at 2636cm-' (figure3) has been as- 
signed t o  the hydrogen stretching mode of H-"CA, 
pairs [lo, 111. Values of A for this line decreased with 
decreasing carbon content in the samples (table 1 )  as 
would be expected from the reduction i n  the internal 
strain. The concentration of H-''C,, pairs was estimated 
by assuming an apparent charge (dipole moment per unit 
displacement) q - 0 . 4 5 ~  (see [12]) to account for the 
reduction in [p] on annealing sample 2-20. Within 
experimental error, this same value of q leads to a self- 
consistent explanation for the reduction in [p] in all three 
samples examined (table 1). For comparison, values of q 
determined more directly for the hydrogen stretch modes 
of H-Be,, and H-Si,, pairs in GaAs are q = 0.7e [13] 
and 7 = 0.5e [14], respectively (an integrated absorption 
of 100 cm-' was measured for a concentration of H-Si,, 
pairs of 3 x 10'8cm-3). Thus the assumed value of 

intrinsic 
two-phonon 
absowtion 

221 ' I 
450 500 550 600 

Wavenumbers (cm-l) 

Figure 2. LVM absorption lines in the 450 cm -' to 600 cm-' 
spectral region in sample 2-31 after RTA: t h e  assignments 
are given in the diagram. Possible assignments for the 
new lines at 453"' and 563"' (see figure 4 also) 
are discussed in the text. 
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q = 0.4% for H-CA, pairs is not unreasonable. This value 
of q would imply that a value of IA = 1 cm-' corres- 
ponds to a defect concentration of 3.7 x 10l6 

No absorption due to the hydrogen wagging mode of 
H-"CA, pairs was detected in the spectral region near 
1400 cm-' [lS], in agreement with previous investiga- 
tions [lo, 111. However, in sample 2-31, two previously 
unreported lines designated X and Y were observed at  
452.8 cm-' (A = 1.4 cm-') and 563.0 cm-' (A = 
3.2 cm-') respectively, with relative strengths of 0.6: I 
(figures 2 and 4 and table 2). In addition, LVM lines from 
"BGa (517cm-'), 'OB,, (540cm-')[2] and 'lBA5 
(601 cm-') [I61 were observed due to boron impurities 
in the substrate, with concentrations estimated to he 
[Bo,] - 3 x 10l6 ~ 3 1 1 ~ ~  and [BAA - 5 x loL5 ~ m - ~ ,  us- 
ing previously reported calibrations [17]. 

The H-CA, complex is expected to have trigonal C,, 
symmetry and so both the hydrogen and the carbon 

2600 2520 2640 2660 2680 
Wave numbers 1cm-l I 

Flgure 3. LVM absorption due  to the stretch mode Of 
H-"C,. pairs in sample 2-31 after RTA. The inset shows 
possible BC and AB models for t h e  defect. 
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Flgure4. Expanded spectra showing the new carbon 
modes X and Y for sample 2-31 after RTA. 

atoms in the pair should have two IR active LVMS, 
corresponding to longitudinal (o 11) and transverse (wJ 
modes. Estimates of the frequencies of these four modes 
cannot he made until the model of the H-CA, pair has 
been established. It is inferred that there is a direct bond 
between the two atoms since the hydrogen stretch fre- 
quency is lowered to 2628 cm-' for H-13CAr pairs from 
2636cm-' for H-'*C,, pairs, in lightly doped hulk 
material [IO]. The frequency of a LVM can be written as 
~14,171 

4 = kmp(1Imimp + l/xMnd 
where mimp and M , ,  are the masses of the impurity and 
nearest neighbours respectively, kimp is a constant which 
depends on the local interatomic force constants, and xis 
a parameter which depends on the local angle bending 
and bond stretching force constants. Measurements 
usually lead to values of ,y greater than 1.5, e.g. x = 2.8 for 
H-Si,. [14]. We deduce ,y = 1.0 from the H-12CA, and 
H-13CA, stretching frequencies; alternatively, we find 
x = 0.65 from the reported frequencies for H-12CA, and 
D-12CA, [I I], although corrections for anharmonic ef- 
fects (see [IS]) lead to the somewhat higher value of 0.85. 
x = 1 is appropriate for a diatomic molecule and so it is 
implied that the motion of the carbon atom is not 
constrained by its nearest neighbours. We have no ade- 
quate explanation for this unexpected result. However, if 
the carbon atom relaxed into the plane of three Ga 
neighbours (see below), the restoring force to longitu- 
dinal displacements would he minimized as its origin 
would he bond bending only: 

Since no H-wagging mode has been detected, it has 
been proposed [IO] that the hydrogen atom occupies a 
bond centred (BC) position between the CA, and a neigh- 
bouring Ga atom (figure 3, inset). This conclusion was 
reached by analogy with the absence of such modes for 
hydrogen paired with group-I1 acceptors, including Zn 
and Be [I31 where the hydrogen bonds predominantly to 
a nearest neighbour As atom. The frequency of the 
longitudinal mode uII of the Be,. atom in the pair occurs 

in the lattice continuum, while the corresponding doubly 
degenerate transverse mode wL is at a higher frequency 
than that of an isolated Be,, atom [13]. These observa- 
tions are in agreement with first principles calcula- 
tions [I91 but appear to disagree with the present results 
for H-CA, pairs if the two new LVM lines X and Y are 
assigned to w l l  and up The value of U should he low for 
a BC model for H-CA, pairs since the bond between the H 
atom and the neighbouring Cia atom would have to he 
very weak for passivation to be effective. Alternatively, it 
might be argued that the H atom occupies an antibond- 
ing (AB) site and a C-Ga bond is lost (figure 3, inset). 
However, the frequency of the longitudinal mode of the 
carbon atom in the pair would again he expected to he 
low (cf LVM results for H-Si,, pairs in GaAs [14]). It 
would appear that on the basis of either model, one of the 
new lines (X or Y) could he ascribed to the transverse 
mode of the carbon atom in the pair, hut a different 
assignment may he required for the second line. The line 
at 563 cm-' (Y) is much too strong to be assigned to 
l3CAs (natural abundance I.l%), which gives rise to a 
LVM line at 561 cm-'[2]. Another alternative is that one 
of the lines is due to C,, donors hut the line broadening 
precludes discrimination on the basis of observing near- 
est neighhour isotopic fine stucture. Finally, the lines 
could in principle be due to C-C pairs, the existence of 
which was suggested by Shigetomi et al[20] for samples 
implanted with high doses of carbon ions. Irrespective of 
the uncertainties in the interpretation of the lines X and 
Y, the formation of H-C complexes must account for 
some, and possibly all, of the reduction in [p] resulting 
from the RTA treatment. The observation of correspond- 
ing LVM lines in samples containing enriched I3C and/or 
deuterium should provide information that would eluci- 
date the interpretation, and it would be helpful to have 
first principles calculations of the vibrational frequencies 
of the H-C pairs. 

An interesting observation was the appearance of a 
line from "BAS in the sample 2-31 given the RTA 

(figure 2). These defects must have heen present in the 
substrate rather than the epitaxial layer as they give LVM 
absorption only in high resistivity or n-type material 
when the Fermi level is shifted away from the valence 
band by more than 200 meV [21,22]. The defects are not 
found in stoichiometric GaAs even when it contains a 
high concentration of B,, impurities ( -  lO'*~m-~)).  It 
seems likely that there was a loss of arsenic from the 
substrate during RTA leading to somewhat Ga-rich non- 
stoichiometric material and site switching of B,, atoms 
to arsenic lattice sites. This result was not expected since 
the RTA was carried out in an atmosphere containing 
ASH,. 

The present observations are not in agreement with a 
recent interpretation of the LVM spectrum of carbon in 
heavily doped MOMBE layers of A1,Gal_,As with x = 
0.24 where a sharp five-line fine structure was found at 
582cm-' [23]. It has already been stated that such 
structure would not he expected to be resolved in a 
highly doped layer because of the disorder produced by 
the carbon itself, which in that case was present at a 
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concentration of 1.6 x I O z o  C I I - ~ .  The addition of alu- 
minium would produce yet further disorder and  a 
broadening of the line (see, for example, the work of 
Murray et al [24]). It  would seem that the observed 
spectrum originated from CA, acceptors in the GdAs 
substrateat aconcentration - 1016cm-3(similar t o  those 
observed in the substrate of our annealed sample 2-31). 

In summary, it has been shown by LVM absorption 
measurements that CA, acceptors in thin highly doped 
GaAs grown by MOMBE give rise to a broad Fano 
resonance, similar to that found in other highly doped 
epitaxial p-type layers of 111-V compounds and silicon. 
The introduction of hydrogen into GaAs by heating in 
arsine has been demonstrated by the observation of the 
H-”CA, stretch mode in the annealed samples. Although 
the processing temperature was high, the presence of this 
complex is not unexpected since it has been shown [I I] 
that once formed it is not easily dissociated. To the best 
of our knowledge, the introduction of hydrogen into 
GaAs by this means is novel, though it is now well 
established for InP [25-281. The introduction of intersti- 
tial hydrogen impurities should lead to an increase in the 
lattice parameter as was found here, but a quantitative 
analysis requires further measurements to be  made. SIMS 
and x-ray data for the present samples will be presented 
in a later publication. 
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