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Carbon acceptors and carbon-hydrogen complexes in AlSb
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Aluminum antimonide(AlSb) has potential applications as a radiation detector and as a material in high-
mobility heterostructures. As-grown AISh exhibigype conductivity. Using infrared absorption spectroscopy,
we have observed local vibrational modé¥M’s ) arising from carbon impurities in- andp-type AlSb. The
first and second harmonics of tHéC mode have frequencies of 591.6 and 1179.2 trmespectively, at
liquid-helium temperatures. A peak at 572.9 ¢his tentatively identified as th€C LVM. Carbon-hydrogen
complexes were formed by annealipgype AlSb in hydrogen gas, yielding a C-H stretch mode at 2566.6
cm™ L. Our results indicate that during the growth of bulk AlSb, carbon contamination may be an important
source of unintentiongd-type doping.
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Aluminum antimonide(AlSh), a compound semiconduc- that they areg-type. Mid-infrared(IR) spectra were obtained
tor with an indirect band gap of 1.7 eV, has potential appli-with a Bomem DA8 vacuum FTIR spectrometer with a KBr
cations as a radiation detectadue to its large band gap and beamsplitter, covering the range from 500 to 4000 trithe
the high atomic number of antimoRyAISb also is used in instrumental resolution was 1 crh Samples were placed in
high-mobility AISb/InAs heterostructuréé. Bulk Alsb & Janis STVP-100 liquid-helium cryostat with ZnSe win-
grown by the Czochralski method commonly exhilgittype dows. Measurements taken at liquid-helium temperatures

2 . . L ; (8-10 K) utilized a Ge:Cu photoconductor detector
conductivity’ Such unintentional doping is detrimental to the mounted directly behind the sample. Variable-temperature

fabrication of devices with good carrier transport CharaCtermeasurements utilized a mercury cadmium tellubEET)

istics. Selenium-doped AISb, for example, exhibits persistenfietector outside the cryostat. Room-temperature Hall effect
optical absorptlpﬁ,a property that has been used to write measyrementdMMR Technologies, Ind.were performed in
volume absorption hologranisThe presence of compensat- the van der Pauw geometry using indium contacts.
ing acceptors, however, limits the doping level achieved in aAp IR absorption peak at approximately 592 thwas
suchn-type semiconductors. In this paper, we propose thapbserved in two samples, along with two-phonon absorption
carbon impurities are unintentionally introduced into bulk features, as shown in Fig. 1. The phonon absorption peaks
AISb during growth, resulting ip-type conductivity. Substi- were observed previously,but the peak at 592 cnt was
tutional carbon impurities give rise to a local vibrational not. The frequency of the 592 crhmode is similar to LVM
mode (LVM) that is observed with Fourier-transform infra- frequencies arising from carbon acceptors in GaA82
red (FTIR) spectroscopy. cm 1), AlAs (631.5 cmt),****GaP(606 cmi1),*® and InP

A similar situation occurs in GaAs grown by the liquid- (547 c¢cm%).Y” Hence, we ascribe the mode at 592 ¢nto
encapsulated Czochralski technique, in which carbon is aBarbon acceptors in AlSb. The frequency of the mode in
important residual contaminant in semi-insulating matéial.

The substitutional acceptor€C, and 3C,g give rise to 0
LVM frequencies of 582 and 562 cm, respectively. When C

hydrogen is introduced into GaAs:C, neutral carbon- 0.6 l 2-phonon modes
hydrogen complexes are formed, which have a stretch-mode \
frequency of 2635 cm' at liquid-helium temperaturésin 04l

AlISb, Se-H, and Te-H complexes were formed by annealing

in hydrogen gas at temperatures between 700 and 959 °C. -

In this study, carbon-hydrogen complexes were formed by '

annealing p-type AISb in hydrogen at a temperature of 0.0 @

900°C. 570 580 590 600 610 620 630
AlSb:Se and AlSb:S crystals were grown by the Czochral- Wave numbers (cm’)

ski technique from antimony-enriched melts. In the case of

AlSb:Se, the samples contain more selenium donors than FIG. 1. IR absorption spectra af) p-type AlSb:S and(b)

carbon acceptors, so that they ar¢ype. For AISb:S, the n-type AISb:Se, at liquid-helium temperatures. TRE LVM peak

acceptor concentration exceeds that of the sulfur donors, sind two-phonon modes are indicated.

(b)
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FIG. 2. IR absorption spectrum of thicl3-mm) AlSb:Se. A .
peak identified as th&’C LVM is indicated. The second harmonic 2550 2560
of the 2C LVM is also observed.

2570 2580
Wave numbers (cm™)

AlISb:S and AlSb:Se is 590.7 and 591.6?:'h1respectivglly. FIG. 3. IR absorption spectrum of AISb:C,H, at a temperature of
The two-phonon peak at 622 Crhis approximately 1 cm 10 and 100 K. The peak corresponds to the C-H stretch mode.
higher in AlSb:Se than in AlSb:S. The slightly higher fre-

guencies in the AlSb:Se sample may result from compressive

strain, due to the high concentration of carbon and seleniurfi™d ?(2)8'5 CTl' respectively, for an isotopic frequency shift
doping. The larger linewidth of the carbon LVM in AlSh:Se ©f »(*C)/v( )= 1.0378. The identities of the other peaks
(2.5 cm'Y) as compared to AISb:8L.7 cmi') is consistent  are not known. It is pc_>53|ble that they are due to sele_nlum-
with the presence of inhomogeneous strain. r_elated _com_plexes. Thick AISb:S samples couI(_j not be inves-
Secondary-ion mass spectromef8iMS) measurements tigated in this freqqency range QUe to free carrier absorption.
were performed on samples taken from the same ingot as the TO test the validity of our assignment for th&C mode, a
AlSbh:Se sample, and yielded concentrations [&f]= 4 j[hree-dlmensmnal numenca_l S|mulat|_on was performed, us-
X 10 cm~3 and[C]=7x 10 cm 3. The integrated absor- iNg & 64-atom molecule, with an adjustable force constant
bance(lA) is defined as between neighboring atoms. In this simple spring-and-mass

IA=J a(v)dy,

wherea(v) is the absorption coefficieitm™) and v is the
LVM frequency in wave number@m 1). The IA for the’C
LVM in AlSb:Se is 110 cm?. SIMS measurements were not
performed on the AISh:S sample. However, Hall effect mea- e AISb:CH
surements showed a free-hole concentration of 1.2 o GaAs‘C, H]
x 10cm 3. If the holes originate from carbon acceptors, - . . A
then an uncompensated sample would yield an 1A of 19 0 50 100 150 200
cm 2, based on the AISh:Se results. The measured value of Temperature (K)

the 1A in AISb:S is 26 cm?, consistent with the hypothesis

o (em™)
QO = N W s~ 0O N

that carbon acceptors are partially compensated by sulfur do- 4
nors. By way of comparison, in GaAs, a carbon concentra-
tion of 7x 10" cm™ 3 would yield IA= 65+ 10 cm 2, a value 3
that is reasonably close to the IA measured for the AlSh:Se “E
sample® s 2r
An IR absorption spectrum from a thi¢B-mm) AlSb:Se =
sample is shown in Fig. 2. Due to the thickness of this T
sample, the spectral region near the 592-tnmode is ® AISb:CH
opaqgue. On the low-energy side of the 592-¢mmode, sev- 0 0 GaAs:C Hi
eral peaks are observed. We tentatively identify the peak at 0 50 100 150 200

572.9 cm?! as the LVM arising from*3C impurities. The
ratio of intensities is IAC)/IA(*2C)=0.01, in agreement
with the natural abundance of carbon isotopes. The iSOtOpiC FIG. 4. Temperature-dependent shifts(a frequency andb)
frequency shift isv(*?C)/v(**C)=1.0326. By way of com- linewidth, of C-H stretch modes in AlSkthis work and GaAs
parison, the*’C and**C LVM frequencies in AlAs are 631.5 (Ref. 20.

Temperature (K)
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TABLE I. Carbon and carbon-hydrogen LVM frequencies in IlI-V semiconductors.

v(*?C) v(*°C) v(*2C-H) v(*2C-D)

Material (cm™h (cm™h v(*2C) Iv(*°C) (cm™b (em™h v(*?C-H)/v(**C-D)
AlAs? 631.5 608.5 1.0378 2558.1 1902.6 1.3445
AlShP 591.6 572.9 1.0326 2566.6 ND —
GaA$ 582.8 561.8 1.0374 2635.2 1968.6 1.3389
GaFP 606 ND — 2660.2 1980.8 1.3430

InPe 546.9 526.8 1.0382 2703.3 ND —

%Pritchardet al. (Ref. 15.

®This work. 2C and*3C modes are for the AlSh:Se sample, whereas'#aeH mode is for the AlSb:S sample.
‘Davidsonet al. (Ref. 9.

dHayeset al. (Ref. 16 and Clerjauckt al. (Ref. 23.

€Davidsonet al. (Ref. 17).

fND not discovered.

model, bending force constants and anharmonic effects werfer C—H complexes in GaAs were plotted. The temperature
neglected. The Al-Sb force constant was adjusted so that thdependence for hydrogen LVM'’s in GaAs is well described
maximum vibrational frequency matched the TO-phonon freby a model in which the complex interacts with a single
quency of AISb(320 cm 1). One'??Sh atom was replaced by acoustical phonof’ In the weak-coupling limit, this interac-
a*?C atom, and the AI-C force constant was adjusted to yieldion leads to a temperature-dependent frequency shift given
the observed LVM frequency of 591.6 ¢ The '“C atom by

was then replaced by &C atom. The mass substitution

yielded an LVM frequency of 574.9 cm, in good agree-

ment with our experimental value of 572.9 thHowever, B ovg
the peak at 575.9 cnt (Fig. 2 must also be considered as a Sv= evo kT

candidate for thé*C mode.

In the thick AlSbh:Se sample, an IR absorption peak a : ; - :
1179.2 cm?! was observed. Since this frequency is nearlytand linewidth broadening given by
twice that of the 592-cm' mode, this peak is ascribed to the
second harmonic of the carbon LVM. The ratio of the 2 2 hvg /KT

. . . (51/0) e’’o
second-harmonic  to  fundamental frequencies s S = T 5
1179.2/591.6-1.993. The intensity of the second harmonic 7 (€77 -1)
is 1.7% that of the fundamental transition. In GaAs, the car-
bon fundamental and second-harmonic modes exhibit finevhere56,, vq, and 5 are adjustable parameteksis Boltz-
structure due to the different configurations of nearestimann’s constant, andl is temperature.
neighbor gallium isotope¥:'® In AISb, the carbon nearest  For the AISb:C,H complex, a fit to the data yields,
neighbors are aluminum atoms, which only have one stable=6 cmi %, v,=96cm !, and »=30cm . From these pa-
isotope(27 amy, so that no fine structure is observed. rameters, one can calculate a zero-temperature, homoge-

To further investigate carbon doping in AISb, carbon-neous linewidth of 0.6 cmt2! However, the linewidth that
hydrogen complexes were formed. fAtype AISb sample we measured at low temperatures was equal to the instru-
was annealed in a quartz ampoule filled witatm of hydro-  mental broadeningl cm 1), so that this calculated linewidth
gen for 1 h at aemperature of 900 °C. After the hydrogen could not be verified. For GaAs:C,H, the values dwe,
diffusion, the sample was rapidly quenched to room tempera=4 cm %, v,=78cm !, and y=51cm 1. As seen in Fig.
ture by dropping the ampoule into ethylene glycol. In the4, the frequency shifts in AISb and GaAs are nearly identical.
hydrogenated sample, a new IR absorption peak appeared ldbwever, the temperature-dependent broadening is greater in
2566.6 cm* (Fig. 3. The frequency of the peak is similar to the case of AISb. It is interesting to note that the LVM fre-
those of C-H stretch modes in other IlI-V semiconductorsquency of C-H complexes increases with increasing tempera-
(Table I). Hence, the peak at 2566.6 chis attributed to a ture, in contrast to most other hydrogen-related complexes,
120-H stretch mode. The fact that carbon-hydrogen comin which the frequencies decrease with temperattifEhe
plexes form inp-type samples, and nottype samples, sup- reason for this difference is not known.
ports our claim that the carbon impurities are acceptors. If In conclusion, using IR spectroscopy, Hall effect, and
they were donors, then they would be passivated-tgpe  SIMS measurements, we have presented evidence that car-
AlISb:Se(Ref. 10 but not inp-type AlSb:S. bon impurities are acceptors in AlISb. LVM’s arising from

As the sample temperature is increased, the peak frezarbon impurities and carbon-hydrogen complexes have
guency increases slightly. The LVM frequency and width arebeen identified. During the growth of bulk AlSb, carbon con-
plotted as a function of temperature in Fig. 4 for C-H com-tamination may be an important source of unintentional
plexes in AISb. As a comparison, the corresponding valueg-type doping.
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