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ABSTRACT

Positron lifetime spectroscopy has been used to study the vacancy type defects in
undoped gallium antimonide. Temperature dependent positron trapping into the Vg,-
related defect having a characteristic lifetime of 310ps was observed in the as-grown
sample. The lifetime data were well described by a model involving the thermal
ionization (0/-) of the V,-related defect and its ionization energy was found to be E(0/-
)=83meV. For the electron irradiated sample, the Vg,-related defect with lifetime of
310ps that was found in the non-irradiated samples was also identified. Moreover,
another lifetime component (280ps) was only observed in the electron irradiated sample
but not in the non-irradiated sample. It was also attributed to the V,-related defect. The
two identified Vg,-related defects should have different microstructures because of their
difference in characteristic lifetimes. The 280ps component remains thermally stable
after the 500°C annealing while the 310ps component anneals at 300°C.

L INTRODUCTION

Gallium antimonide (GaSb) is a 1[IV semiconductor having a narrow direct band gap
(~0.75¢V at 300K) that can be used in fabricating high frequency and long wavelength
optoelectronic devices. Undoped GaSb is usually p-type having a hole concentration of ~10'6-
10"cm. The residual acceptor responsible for the p-type conduction was reported to be doubly
lonized, to be related to Ga in excess and has been attributed to Gasp, Vga or VgaGagy, related
defects [1-5]. Detailed reviews of this material can be found in references [1] and [2].

Positron annihilation spectroscopy (PAS) is a nondestructive probe selectively sensitive
to neutral or negatively charged open volume defects in semiconductors [6]. Open volume
defects, like vacancy, are positron trapping centers as they present as a potential well to the
Positron in the solid. The positron in the solid will thus finally annihilate with an electron either
n the delocalized bulk state or in the localized defect state. The principle of PAS is that the
Outgoing annihilation gamma photons carry the information of the electronic environment at
Wwhich the positron annihilates.

Although extensive PAS studies have been performed on III-V semiconductors, little
Work has been carried out on the GaSb material [7-1 1]. In our previous studies [10,11], a 315ps
Positron lifetime component was identified in heavily Zn-doped and undoped GaSb materials
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and it was attributed to the Vg, -related defect. This defect annealed at the temperature of ~300°C.
Furthermore, we have also observed the correlation between the annealing of the 777meV PL
signal (band A) and that of the 315ps lifetime component (the V,-related defect). Furthermore,
the disappearance of the 315ps lifetime signal at 300°C and the thermal stability of the hole
concentration up to 500°C suggests that the 315ps lifetime component is not the residual acceptor
[ty.

In this paper, electron irradiated (1.7MeV and dosage 10"em™) and as-grown undoped
GaSb samples were studied by positron lifetime technique. Temperature dependent lifetime
measurements were performed on the as-grown sample in order to study the thermal ionization
of the 315ps positron trap (i.c. the Vg,-related defect). For the electron irradiated sample, we
have performed an isochronal annealing study up to the temperature of 500°C.

1. EXPERIMENTAL SETUP

Samples pieces with size of 1 x 1 em’ were cut from the liquid encapsulated Czochralski
(LEC) grown undoped GaSb wafer purchased from the MCP Wafer Technology Ltd., U.K. This
wafer is identical to the one that has been used in our previous studies. Two pieces of the
samples were then irradiated with 10"%cm™ 1.7MeV electrons and another pair of samples
remained non-irradiated. Each of the annealing step of the electron irradiated sample was
performed in the forming gas atmosphere (N2:H>=80%:20%) for a period of 30 minutes. The
positron source was directly deposited 22NaCl onto one piece of the sample and then was
sandwiched by the other piece. The positron lifetime spectrometer has a resolution of
fwhm=230ps. To carry out the temperature dependent lifetime measurement, the sample-source
assembly was installed into a 10K Oxford closed cycle He cooling system. Each of the lifetime
spectra contained 4 X 10° counts. The normalized positron lifetime spectrum S(?) can be
represented by the linear combination of the exponential terms contributed from the annihilating

sites [12]: S (t):zll cexp(-t/t;), where I, and 7, are the intensity and the characteristic

lifetime of the i-th annihilation site. The spectra were decomposed by the source code
POSITRONFIT [12] according to this equation.

III.  RESULTS AND ANALYSIS

A. Temperature dependent lifetime studies of as-grown undoped GaSh

The measured positron average lifetime 7. (defined as:Z[ T = IzS(t)dt/ JS ()dr ) of

the as-grown undoped sample as a function of the measuring temperature is shown in figure 1.
From figure 1, the average lifetime increases with increasing temperature. The two-component
model was found to give good representation to all of the spectra. The long lifetime component,
which is the vacancy component, was found to have a constant characteristic lifetime of 310ps
irrespective of the measuring temperature. This 310ps lifetime is close to the value of the Ve
related defect found in our previous studies [10,11] and was thus attributed to the same defect.
The increase of the observed average lifetime with respect to temperature can be
explained by the change of the charge state occupancy of the Vg,-related defect. As temperature
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increases, the Fermi level moves away from the valence band and thus the Vg,-related defects
possess a more negative occupancy. This implies these Vg,-related defects become more
efficient positron trapping centers. Thus, more positrons annihilate in the defect state, which has
a longer lifetime than that of the bulk state, and the average lifetime increases. The charge state
occupancy of the Vo-related defect is given by [6]:

V&) _ 8o gor (E=E))
[V(%l] go.1 (kT)

] (H

where [V'2] is the concentration of the Vga-related defect possessing the charge of Q and E; is
the ionization energy of the ionization process V& +e” «> V2. gy is the degeneracy of the state

V& . The charge occupancies of different charge states (i.e. [VE 1/[V 5], where [Vg,] is the total

concentration of Vg,) at given temperature and Er position can then be calculated by using
equation (1) and:

Ve 1= VE] ).
0

The Fermi level at different temperatures were calculated from the hole concentration data
obtained from the temperature dependence hall (TDH) measurement using the relation:
p= N, exp[-(E, — E,)], where Ny is the effective density of states of valance band.

In order to model positron trapping
into the Vg,-related defects having different
charge states, the simple trapping model [6]
was employed. In the simple trapping
model, positrons initially in the delocalized

state may transit to the V2 state with

280 . T T T

275

trapping rate of xp or may annihilate in the
delocalized state with the annihilation rate of
A=1/7, where 1 is the positron lifetime of
the bulk. The trapping rate xp is given S
by: xp = u,[V2], where g is the specific 0 50 100 150 200 250 300
Temperature (K)

270 Tt

Positron average lifetime (ps)
Q,

positron trapping coefficient of the defect

VGQa . For neutral vacancy, the specific Figure 1 Average positron lifetime of the as-grown
undoped GaSb sample as a function of the measurement

trapping coefficient is independent of temperature.

temperature and that of the negatively

charged vacancy follows the temperature dependence of ~7 °° [6,13]. For the positron in the
Ve state, positron detrapping (i.e. transiting back to the bulk state) is assumed to be forbidden
because of its relatively large binding energy (~1eV>>kT) and thus it will annihilate with the
tate of Ay=1/7p, where 7y is the characteristic positron lifetime of the defect Ve . The rate
€quations to describe the positron state transition and annihilation can thus be written as [6]:
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dt ; 3)

L= ko, = Aohy, Q== 2,-L04142,..

Solving these rate equations yields a positron lifetime spectrum having the form
Sty = Z; 1, exp(—t/r,), whereas the lifetime parameters 7; and I; are functions of xi's and Aj's.

For example, if there are two charge states (say, O and -), it can be shown that the resultant
lifetime spectrum consists of three components with the lifetime parameters given as [6]:

I =1-1,-1, 4)
[7:—’(’___ (5)
ToK Ky +A, -4
K
= —0 6
’ K_+Kk,+4, -4, ©
=1 ™
A+ K+ K,
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T, =-— 8
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1
T, =— 9
P Ay @

where x_ and x, are the trapping rates of ¥, and ¥V, , respectively. 4, =1/z,, A_=1/r_ and
Ay =1/7, are the positron annihilation rates of the bulk, the negative charged and the neutral

states, respectively. ;

The above model was used to fit for the positron average lifetime data shown in figure 1. ;
The GaSb bulk lifetime was taken as 267ps. As it has already been pointed out the lifetime of
defect component was found to be constant at 310ps, the characteristic lifetime of the Vg, related |
defect was taken to be 310ps irrespective of the charge state. Although there are no previously f

reports on the specific trapping coefficient of Vi, in GaSb, value of 4 ~1x10"s™" was reported
for V;, in AlGaSb at 300K [14]. The ratio of the specific trapping coefficients between the
neutral and the negative state of the same vacancy was found to be 1:5 [13]. Thus, the specific
trapping coefficients at 300K for Vg, and V;, were g, ~2x10"s™" and g ~1x10"s™",
respectively. We have attempted different possibilities of Vg, ionizations carrying charges from
+1 to -3 and observed that the data in figure 1 can be well fitted by the model involving a single
ionization: V), +e” < V.. with the ionization energy given by E(0/-)=83meV and the Vgs
related defect concentration given by about 5x10'®cm™. The modeled curve is plotted in figure 1
with the solid line. This implies the Ga vacancy is not the residual acceptor of the present
undoped GaSb samples, which have hole concentration of the order of ~107cm™. This
conclusion is consistent with those in references [11,15,16].
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B. Isochronal annealing lifetime study of electron irradiated undoped GaSh

Isochronal annealing lifetime
studies were also performed on the

electron irradiated (1.7MeV and dosage 27T o ’ o

10%¢cm™) undoped GaSb (gasb042un) 2 o0 o

sample. For each annealing step, g o

positron lifetime measurements were § 265 °
carried out on the sample at room gzeo (a) o
temperature. The average positron _100: ) ®

lifetime of the sample as the function of &£ 80 © o o
the annealing temperature is shown in 3 e e o
figure 2(a). The average lifetime [ o -
decreases with annealing temperature, 0 0 o c - 5
reaches the minimum at 200°C and then 0 100 200 300 400 500
increases with increasing annealing Annealing Temperature (°C)
temperature.

We have also attempted to fit the  Figure 2 Positron average lifetime, firted I, and I; as a
spectra with the two-component model, function of the annealing temperature ]’br the electron
which gives good representation only to irvadiated (1.7MeV, dosage of 10"°cm’) undoped GaSh
the spectra of the sample annealed at "% fe.
300°C or above and the long lifetime
component has constant lifetime of
about 280ps. For the spectra of the sample annealed below 300°C, the two component model
fails to give good fit to the spectra and the three component model is required. For such spectra,
the two long lifetime (i.e. defect) components were found to be constant at about 315ps and
280ps independent of the annealing temperature.

The fitted intensities of the two defect components are shown in figure 2(b). From the
figure, the 315ps component intensity decreases with annealing temperature and vanishes after
300°C annealing. The characteristic lifetime and the annealing behavior of this component is
very similar to those of the Vg,-related defect identified in the non-irradiated undoped GaSb
samples (previous section and refs. [10,11]). For the 280ps component which cannot be found in
the non-irradiated undoped GaSb samples, its intensity increases with annealing temperature and
saturates at about 300°C. It remains thermally stable up to 500°C annealing. The defect lifetime
to the bulk lifetime ratio t4/7,=1.05 implies this defect is a monovacancy. Furthermore, as the
sample is p-type with the Fermi level close to the valance band, the Vg, vacancy (being a donor)
should carry a positive charge and thus is not an effective positron trap. This implies the 280ps
component is another Vga-related defect which becomes abundant after the electron irradiation
process. The two Vgs-related defects should have different microstructures as they have
different positron lifetimes. However, the detail is still unknown and requires further
investigation.

IV.  CONCLUSION

Lifetime component 310ps was identified in the as-grown undoped GaSb sample and it
was attributed to the Vg,-related defect. Its thermal ionization process (0/-) was observed in the
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temperature dependent positron lifetime measurements and its ionization energy was found to be
E(0/-)=83meV. Its concentration was found to be 5x 10'%m™ and it is not the residual acceptor
of the undoped samples. For the electron irradiated sample, two defect components, namely
having lifetimes of 280ps and 315ps, were identified in the as-irradiated sample. The 315ps has
very similar characteristic lifetime and annealing behavior (vanishes at ~300°C) to the Vg,-
related found in the non-irradiated samples. The other component 280ps, which was also
attributed Vg,-related defect, was only found in the electron irradiated sample and thermally
stable up to 500°C.

ACKNOWLEDGEMENTS

This study was supported financially by the Research Grant Council, HKSAR, China (Project
Nos. 7134/99P and 7107/02P) and the Committee of Research and Conference Grant, The
University of Hong Kong, China.

REFERENCES

11 A.G. Milnes and A.Y. Polyakov, Solid-State Electron. 36, 803 (1993).

2] P.S. Dutta and H.L. Bhat, J. Appl. Phys. 81, 5821 (1997).

3] D. Effer and P.J. Effer, J. Phys. Chem. Solids 25, 451 (1964).

4] E.J. Johnson 1. Fillinski, and H.Y. Fan, in Proceedings of the 6™ International Conference on
Physics of Semiconductors, 1962, p. 375.

[5] M. D’Olne Campos, A. Gouskov, L. Gouskov, and J.C. Pons, J. Appl. Phys. 44, 2642 (1973).
[6] R. Krause-Rehberg and H. S. Leipner, Positron Annihilation in Semiconductors, Defect
Studies, Vol. 127 of Springer Series in Solid-State Sciences (Springer-Verlag, Berlin, 1999).

[7]1 M.J. Puska, S. Mikinen, M. Manninen and R.M. Nieminen, Phys. Rev. B 39, 7666 (1989).
[8] J. Mahony, G. Tessaro, P. Mascher, H. Siethoef, and H.G. Brion, Mater. Sci. Forum 196-201,
1449 (1995).

[9]1 S. Dannefaer, W. Puff, and D. Kerr, Phys. Rev. B 55, 2182 (1997).

[10] C. C. Ling, S. Fung and C. D. Beling, Phys. Rev. B 64, 075201 (2001).

[11] C. C. Ling, W. K. Mui, C. H. Lam, C. D. Beling, S. Fung, M. K. Lui, K. W. Cheah, K. F. L,
Y. W. Zhao and M. Gong, Appl. Phys. Lett. 80, 3934 (2002).

[12] P. Kirkegaard, M. Eldrup, O.E. Mogenson, and N.J. Pederson, Comput. Phys. Commun. 23,
307 (1981).

[13] M. J. Puska, C. Corbel, and R. M. Nieminen, Phys. Rev. B 41, 9980 (1990)

[14] R. Krasue-Rehberg, Th. Drost, A. Polity, G. Ross, G. Pensl, D. Volm, B. K. Meyer, G.
Bischopink and K. W. Benz, Phys. Rev. B 48, 11723 (1993).

[15] D. Shaw, Semicond. Sci. Technol. 18, 627 (2003)

[16] M. K. Lui, C. C. Ling, X. D. Chen, K. W. Cheah, K. F. Li, presented in MRS Fall Meeting
2003.

[
[
[
L

70




