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Ga s c X a o n  bas been studied with secondary-ion mass spectroscopr (SIMS) in 
%aAd"GaAs isotope haerosttucturrs grown by molecular bcam q&xy (MBE) on GaAs 
substrates Ow rrsutts show that the Ga sclf-diffusion coefficient in intrinsic GaAs can be de- 

tu& between 800 O C  and 1225 OC undet As-n& condition. The e p k m t a l  results copnbined 

controllingthe difikiort. No significant doping effects wcre ohserved in samples whae the sub- 
strates were doped with Te up to 4x10" ma' or Zn up to lx1019 me'. 

-bed accUratey WithD = (43 f 25 UU'S-') eM-4.24 f 0.06 tV/ k~?) OW Six ordas d e -  

with thcor&cal calculatioas strongly suggest gallium vacancy being the domiaant native &f& 

I. Introduction 
The diffusive motion of the constituent atoms of a solid, the so-called self+Wusion, is 
one of the most fundamental dynamic processes. The process can be studied via the dif- 
fusion of isotopes monitored with radioactivity analysis or mass spectroscopy. Self- 
diffusion studies yield information on intrinsic point defect properties and dynamics in- 
cluding their concentrations, diffusivities, charge states, and annihilation probabilities. 
The howledge is pivotal to understanding almost all diffusion processes since'they are 
most certainly mediated by defects. 

Compared to metals where self-difhion has been successfully investigated employ- 
ihg the radioactive isotope tracer method [ I], the process in semiconductors is signifi- 
cantly more complex due to the richer spectnxn of intrinsic defats and to the much 
larger effects of small ConcentratiOnS of defects on the properties of the materials [2,3]. 
The situation is further complicated by the short half-life of radioactive isotope tram in 
semiconductors (e.& 2.6 hours for "Si). 

Recently a new approach to studying self-diffusion in semiconductors has been de- 
veloped in which stable isotopes are used. The samples consist of epitaxial layers of iso- 
topically enriched semiconductors grown by molecular beam epitaxy (MBE). The con- 
centration profiles of the isotopes can be measured with secondary ion mass spectros- 
copy (SM) to relatively high spatial resolution. Since the diffusion of the isotopes takes 
place at the epitaxial interfaces inside the crystal, it is not directly affected by surhce 
effects encountered in the conventional technique. 



Tan et al performed the first such experiment in GaAs [4]. They studied Ga self- 
diffusion using a %~As/'~G~As isotope superlattice. Udortunately, their data analysis 
was complicated by heavily Sidoped substrates. 

In our investigation, we grew a 6gGaAs/71GaAs double-layer isotope heterostructure 
and determined accurately the self-diffusion enthalpy H"D and estimated the associated 
entropy gD. An excellent agrement was found between our results and that of recent 
theoretical work. The effects of substrate doping were also examined. 

2. Experiment 

The GaAs isotope layers were MBE-grown at 580 "C on GaAs substrates of ~ t u r a l  
isotopic composition (@Ga?'Ga = 60.2:39.8). 71GaAs and 69GaAs layers each of 200 nm 
thick were grown. The nominal isotope purity in the epilayers is 99.6%. 

The samples were annealed in sealed quartz ampules evacuated to -1 0' Torr with 
solid arsenic and crushed GaAs powder to preserve the surfaces. Details about cleaning 
procedure and annealing conditions have been reported earlier [SI. 

In the SIMS analysis, 3.3- and 5.0-keV Cs' ions formed the primary beam. GaCs' 
molecules were detected as secondary species. 

3. Results and Discussion 
Fig. 1 (a) and @) show the SIMS depth prosles of 6gGa and "Ga in both as-grown sam- 
ples and in a sample annealed at 974 OC for 55.4 minutes. A resolution of 3.5 &decade 
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Figure 1. SIMS profiles of Ga isotopes in (a) =-grown G a h  &tope hctaostnrcturc and 

(b) a sample annealed at 974 'C for 55.4 min. Thc circles are theoretical fits. 

can be achieved for the rising concentration edges at the as-grown interfaces (Fig. 1 (a)). 

assuming the self-diffusion coefficient D is homogeneous in the region of interest: 
The diffusion profiles in Fig. I@) can be fitted with solution to the Fick's equation, 
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where x = 0 at the isotope heterostructure interface, C1 and C, are the initial isotope cotp- 
centrations at the left and right side of the interface, respectively, and erfcY,, is the error 
function. The characteristic diffusion range R = 2(Di)* and t is the annealing time. 

Excellent fits were obtained for both Ga isotope profiles with R as the only adjust- 
able parameter. The fit validates the assumption ma& in amvhg Eq.(l) and demon- 
strates that the sample surface is well preserved and introduces no anomalous effects. 

If one assumes that only one type of intrinsic defect dominates the self-diffusion 
process, then the diffusion coefficient D can T ["CI 

1200 1100 loo0 900 800 be written as 121 
rrSD 

(2) 
n D = Do exp(--) 
kBT 

where is the self-diffusion enthalpy and 
Do the pre-exponential factor. Do can be 
expressed as 

A S S D  
kB 

Do =fsa2~oexP( - )  (3) 

where is the selfdiffusion enkopy, f is 
the correlation factor in the jump process, g 
is a geometry factor for the crystal lattice, a 
is the lattice constant, vo is the frequency of 
the highest vibrational mode in the crystal, 
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and kB is the Bohmann constant. lOOO/T[K'] 

Fig.2 is an Arrhenius plot of D. Between 
800 "C and 1225 "C, the data points follow a 

Figure 2. Admius  plot of Ga self- 
diffusion coefficient in @As. 

straight line over six orders of magnitude in D values, verifying Eq.(2) applies in this 
SeIfdiffusion process. From the plot we derivedpD = 4.24 eV and Do = 43 cm2s-'. Also 
shown in Fig2 are the results of selfd&ion studies in other groups. The results of 
Palsrey et al. [6] and Tan et al. [4] are consistent with ours while that of Goldstein's [7] 
early study leads to a higher pD. 

The selfdiffusion entropy is found to be 8 k ~  using Eq.(3), assurningfo g -1, u 
= 0.54 nm, vo = 8 ~ 1 0 ' ~  Hz. This is a reasonable value in comparison with pD,x 9kB in 
Ge and pD x 5-12kB in Si [2]. 

The migration enthalpy fl for the gallium vacancy has been estimated to be 1.5 
eV[8] in low-temperature-grown As-rich GaAs, which is confinned by Dabrowski and 
Northrup's calculation [9] .  The formation enthalpy of Ga vacancy h? has been calculated 
by Zhang and Northrup [ 101 to be If= 2.5 - 2.8 eV in As-rich GaAs, depending on the 
charge state. Therefore, pD = fl -k fl= 4.0 - 4.3 eV according to the theory, which 
agrees excellently with our data, if Ga vacancy is the mediating defect in Ga self- 
diffusion process. An ab initio molecular dynamics study of Ga vacancy diffusion by 



Bockstedte and Scbeffler [ 1 1 J found the formation entropy s" = Sk,. Since the migration 
entropy P is not fcno~n, it is difficult to compare our experimentally determined P (= 
9 + p ) with this value. If we accept the calculated s', our result of gD = 8kB would 
lead to a very small while the previouSly proposed SpD = 32, [3] lead to a huge s"". 
Considering P is approximately equal to logarithm of the number of equivalent nigra- 
tion path for the defect, our estimate makes more physical sense. 

We have also deliberately tested the influence of doping by annealing samples with 
Te- or Zn-doped substrates. No sigruficant effects are observed (Fig. 2) in these samples 
(Te: 4xlO"~m-~; Zn: 1 . 5 ~ 1 O ' ~ c m ~ ~ .  

4. Conclusions 
We have studied Ga selfdif€usion in GaAs employing stable isotope heterostructures 
grow by MBE cumbined with SIMS analysis. W e  have found that diffusion profiles of 
both 69Ga and "Ga in intrinsic GaAs can be fitted with simple error functions. An Ar- 
rhenius plot of the self-diffusion coefficient D yielded a straight line over six orders of 
maguitude in 0, strongly indicating that a single defect mechanism is operative in the 
process. Our &termination of = 8 k ~  agrees excellently with the 
result of the state-of-the-art calculations, assuming gallium vacancies being responsible 
for the process. The effect of doped substrates were also examined and found to be in- 
significant. 

= 4.24 eV and 

Acknowledgment 
We would like to acknowledge W. Walukiewicz for many stimulating discussio? which 
were essential to understanding the doping effects and other issues in the work. EEH and 
MC acknowledge financial support through the Max-Planck Research Award. This work 
was supported in part by the U. S. National Science Foundation grant #DMR-94 17763 
and in part by the Director, Office of Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division of the U. S. Department of Energy under Contract No. DE- 
ACO3-76SFOOO98. 

References 
1. N. L. Peterson, J. Nucl. Mater. 69 & 70,3 (1 978). 
2. W. Frank, et ai, Dinsion in Cvstalline Solids, p64(Academic Press, 1984). 
3. T. Y. Tan, et al, Crit. Rev. in SolidSrate Phys. 17,47 (1991). 
4. T. Y. Tan, et ai, J. Appl. Phys. 72,5206 (1992). 
5. Lei Wang, et al, Phys. Rev. Lett. 76,2342 (1996). 
6. H. D. PaEey, et al, J. Electrochem. SOC. 128,2224 (1981) 
7. B. Goldstein, Phys. Rev. 121,1305 (1960). 
8. D. E. Bliss, et al, J. Electr. Mater. 22, 1401 (1993). 
9. J. Dabrowski and J. E. Northrup, Phys. Rev. B49, 14286 (1994). 
10. S. B. Zhang and J. E. Northrup, Phys. Rev. Lett. 67,23 39 (1 99 1). 
1 1. M. Bockstedte and M. Scheffler, APS Bulletin, 41,562 (1 996) 

4 


