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Using infiand spedrosoopy we have obsaved local vibrational modes (LVMs) arising from So 
H complexes in AlSb. At liquid-helium lemperatures h ,ydrogemted A1sbSe samples have three 
strdch mode peaks at 1606.3.1608.6, and 1615.7 an' , wkeas deutaatbd samples have only 
one peak at 1 173.4 a?. The anomalous splitling of the Se-H stretch mode may be urplained by 
a resonance behvm the slretch mode and two multi-phonon modes. As the hnpe+ue or 
pssun is huead,  the slretch mode and multi-phonon modes show dunsing behawor. 

1 Introduction 

Hydrogen passivation of defects and impurities in semiconductors has been studied 
adeasively over the past decade'. An important tool for studying the structure of hydrogen 
related complexes is local vibrational mode (LVM) qectmmpy, since hydrogen-related 
vibrational fresuenies are typically much higher than the lattice phonon ftesuences and 
the substitution of deuterium for hydrogen results in a signiriCant isotope &. In AISb, 
hydrogen diflfuses rapidly through the bulk and passivates Se and Te DX cent&. The 
fiequencies of the stretch and wag modes of Se-H and Te-H complexes provide evidence 
that the hydrogen attaches to a host aluminum atom in an antibonding [ 1 111 onentatia In 
this paper, we report on a resonance between the Se-H stretch mode in Alsb and an 
unknown mode of the lattice or the complex. 

2 Experimental Techniques 

The A1Sb:Se samples were grown by the Czochrolski technique from seleniumdoped melts. 
The growth was @armed in a Sbrich melt, with an atomic fraction [Sbl/([SblyAI]) = 
0.515. Some of the samples were then placed in quartz ampoules with a 2/3 atmosphere 
ambient of & or and annealed at 900°C for 1 hr. After completion of the diffion, the 
samples were quenched to room temperature by dropping the ampoules into ethylene glycol. 
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Figure 1: Temperature dependence of Se-D and Se-H stretch modes in AISb. 

Variable temperature infrared absorption spectra were obtained with a Bomem DAS 
spectrometer with a KBr beamsplitter and an external mercury cadmium telluride (MCT) 
detector. The samples were placed in a Janis continuous-flow liquid helium cryostat with 
ZnSe windows. We used instrumental resolutions ranging from 0.1 to 1 cm-' such that all 
the LVM peaks were fully resolved. 

Variable pressure spectra were obtained with a Digilab SO-E spectrometer with a KBr 
beamsplitter and an instrumental resolution of 0.5 an-'. To generate hydrostatic pressures 
up to 15 kbar, we used a modified Merrill-Basset diamondanvil cell. The liquid 
immersion-technique was used to load the cell with liquid nitrogen. A lightancentrating 
cone focused the light through the diamonds and sample and into a Ge:Cu photoconductor 
mounted directly behind the sample. We use the pressure dependence of the MSbcSb 
LVM as a precise irt situ calibration of the sample pressure! 

3 Results 

3.1 Teniperature Dependence of L W s  

As reported previously (Ref. 3), at liquid-helium temperatures, hydrogenated AlSbSe has 
stretch mode peaks at 1608.6 and 1615.7 an-', whereas deuterated AlSb:Se has only one 
stretch mode at 1173.4 cm-'. In addition, there is a small Se-H peak at 1606.3 cm-'. The 
ratio of the three Se-H peak areas is constant from sample to sample, which suggests that 
they are not due to additional impurity complexes. In the following discussion, we provide 
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evidence that the Se-H stretch mode interacts with two multi-phonon modes, giving rise to 
s e v d  absorption peaks. The Se-D stretch mode, which is far away from these modes, 
does not split. Although the two unknown modes may be overtones of other Se-H LVMs, 
for simplicity we refer to them as “multi-phonons.” 

The temperature dependence of the Se-H and Se-D stretch modes is shown in Fig. 1. 
The linewidth broadening and shift to lower fresuency wilh increasing temperature is seen 
in numerous semiconductor systems and is caused by an anhannonic interaction between the 
localized mode and the extended lattice phonons’. Although the broadening obscures peak 
0, peaks 1 and 2 are clearly resolved up to a temperature of 100 K. As the temperature 
increases, the area of peak I her- while the area of peak 2 decreases. The sum of the 
areas remains constant to within experimental error. 

To explain these observations, we propose a model in which the SeH stretch mode and 
a multi-phonon mode are nearly degenerate and interact with an energy A. The Hamiltonian 
is given by: 

The eigenvalues of this Hamiltonian are 

a* =t[.,, +~phonmfJ(Or.m -0- (2) 

~n our model, A = 3.45 cm-’. The minimum fiquency difference between thetwo peaks is 
2A = 6.9 cm-’. The eigenfmctions of the Hamiltonian (1) are hear combinations of an 
LVM and a multi-phonon, 

lv}=alL~)+b.lPhonopl) (3) 

Since the multi-phonon mode is practically inbred inactive, the coefficient a can be 
determined experimentally from the Mlrmalized area of each peak. For peak 1, the lower 
frequency peak, 

lap = AI/(AI+AZ), (4) 

whwe AI and A2 are the integrated areas of peaks 1 and 2, respectively. The theoretical 
expression is given by: 
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The temperature dependence of the unperturbed stretch mode is given by 

~ L W  = 1612.7 - 0.027 U#, 

where Up)  is the mean vibrational energy of the lattice6 in Caymole and 
an-’. The multi-phonon mode can be described by the empirical relation 

is given in 

a,,/-= 1611.5 - 16/(exp(380/T)cl) (7 )  

As the temperature increases, the area of peak 1 increases as it becomes more “LVM- 
like” (Fig. 2). Conversely, the area of peak 2 decreases as it becomes more “phonon-like.” 
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Figure 2: (a) Se-H stretch modes as a fundion of temperatwe. The dashed lines are the unperturbed 
LVM and multi-piionon modes and the solid lines are the perturbed modes (ES. 2). @.) Normalized area of 

Se-H peak 1 (Iowa-fkquency peak). The solid line is a plot of Eq. 5. 

3.2 Pressure Dependence of L W s  

An anticrossing can also be observed when the hydrostatic pressure is increased. Varying 
the pressure has the advantage of not broadening the lines, so that both multi-phonon modes 
are resolved. As shown in Fig. 3, at pressures around 2 kbar, there are three absorption 
peaks. In our three-level system, the Hamiltonian is given by 
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where A = 3.45 an-' and B = 1 cm-'. For simplicity we have neglected the interaction 
between the multi-phonon modes. The pressure dependence of the modes are given by 

O L ~  = 1612.7 + 0.075 P 
O - ~ J  = 1610.5 +2.1 P 
~ g h - , ~  = 1605.8 + 2.1 P 

(9) 

where P is the pressure in kbar and the fiequencies are in units of mi'. The eigenvalues of 
the Hamiltonian (Eq. 8) are calculated using MAlUI3. We obtain very good agreement 
between the model and experiment (Fig. 4). 

Figwe 4 Se-H slretch mode peaks as a hction of pressure. 

4 Condusions 

Using variable temperature and pressure infi-ared spectroscopy, we have observed a 
resonance between the AISbSe,H stretch mode and two unknown modes. The unknown 
modes may be five optical phonons, since 5 X OTQ( r) - 1610 cm-' is very close to the 
ob-& fiquencies. A second possibility is that the stretch mode interacts with the rl 
component of the wag mode fifth harmonic, but such a Fami resonance would account for 
only one of the unknown modes. Clearly, this is an interesting problem which merits 
further investigation. 
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Figure 4 Se-H stretch mode peaks as a fundion of pressure. The dasld lines are the unpeaurbed 
LVM and multi-phonon modes and the solid lines are plots of the three-level theory (Eq. 8-9). 
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