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  ABSTRACT    
Positron annihilation spectroscopy was applied to investigate the defect properties in GaAs 

thin films at different annealing temperature. Positron lifetime and Doppler broadening 

spectroscopy using mono-energetic positron beam were used to identify the defects in the 

GaAs films. Theoretical calculations of the positron lifetime were performed. DBS 

measurements showed, that with increasing the annealing temperature increases the deep 

defect density. Lifetime measurements confirmed this result. The decomposition of the 

lifetime spectra of the samples resulted in the detection of two vacancy-related defects: a 

vacancy 3    or 3    (annealing temperature is less than 650 K) and a negatively charged 

vacancy complex          
  (annealing temperature is more than 650 K). Furthermore, 

Lifetime measurements interpreted the presence of large cluster of vacancies by the near-

surface defective regions. 
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تحديد العيوب البمورية المتشكمة في عينات ممدّنة من زرنيخ الغاليوم بواسطة مطياف 
 فناء البوزيترونات

 *ايهم دلاد. 
 (2021/ 2/  11قُبِل لمنشر في  . 2020/  11 / 11تاريخ الإيداع )

 
 ممخّص  
  رزمميا اللمماليومالرقيقممة الموممزونة مممن  الأومم مومما  خمموا  العيممو تممم تيقيممت الت ليممف الييامما بوزمماو القممو يترون لا مم  

(GaAs )  ممم تلمممديننزمممد درجممماة  مممرار ( DBS) ع دوقلمممرمختلامممة. تمممم اسمممتخدام نممممر القمممو يترون والت ليمممف اليياممما لتوس 
. تممم رجممراو ال سمماقاة GaAsالأومم م الرقيقممة ومما  المتشممةلة اسممتخدام شممعاب القممو يترون ا مماد  الياقممة لت ديممد العيممو ق

ة العميقم العيمو  القلوريمةةثاومة داد ازه مع  ياد  درجمة  مرار  التلمدين تم   DBSالزظرية لعمر القو يترون. اظهرة قياساة 
 الييم  المتعلمت قعممر القو يتروزمماةف يمهمه  الزتيجمة. ادت ت ل نممر القمو يترون. اةمدة قياسماة )ترةيم  العيمو  القلوريمة(

درجمة  مرار  التلمدين اقمف نزمدما تةمون )    3 او      3الاجمواة: قمالاجواة العيو  المرتقيمة  زونين من رلى اةتشا 
          وجممواة معقممد سممال  الشمم زة مرةمم  ، و ةلاممن( 872مممن 

درجممة  ممرار  التلممدين اةثممر مممن )نزممدما تةممون   
 vacancyالاجمواة المتراقيمة ) ممن نزقمود ةقيمروجمود  نممر القمو يترونةلان(. ن و  نلى هلم،، وسمرة قياسماة  872

cluster) سيح العيزاة.المزايت القريقة من  وا 
 
 .تلدين، نمر القو يترون، توس ع دوقلر، وجو ، ني  قلور ، مييا  وزاو القو يتروزاة :مفتاحيةالكممات ال
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Introduction: 
Research importance: 

Defects cause the material to be n-type, or p-type and affect the recombination rate in the 

material. With the introduction of crystallographic defects with specific concentrations, 

one can control the electrical properties of the materials. The story of the defects is the 

story of the controlling the conductivity and recombination rate in semiconductors and 

hence making useful electronic devices. 

In this study, positron annihilation spectroscopy (PAS) was used to study the defect 

properties in GaAs thin films. PAS is a very sensitive device for investigating point defects 

in semiconductors [1]. Positrons are emitted from a radioactive source such as 
22

Na. If they 

were injected into the material after its emission, each positron annihilates with electron 

emitting mostly two 511 keV γ-rays. Open-volume defects such as vacancy-type defects 

appear like deep trapping centers for positrons. Subsequent changes in specific annihilation 

parameters of positrons appears when positrons are tripped in vacancy-like defects [2]. 

Because of reduced electron density in the defects, the lifetime of trapped positrons 

increases and their momentum distribution becomes narrower [3]. The defect-related 

lifetime reflects the size of the defect and its concentration. As a result of conservation 

during the annihilation process, the momentum of the electron-positron pair is transported 

to the photon pair. The momentum component p in the propagation direction of the  -rays 

creates a Doppler shift    of the annihilation energy of 511 ke V. Many annihilation 

events are measured to give the complete Doppler spectrum, so that the energy line of the 

annihilation is broadened due to the Doppler shifts in both   propagation directions. This 

effect is used in Doppler-broadening spectroscopy. For more information see [1]. Because 

of the Doppler-effect, the energy spectrum of the annihilation radiation is broadened. 

Doppler-effect is conjugated with the momentum of the annihilating e
-
-e

+
 pairs. Positrons, 

which are tripped, tend to be localized in vacancy-like defects due to the coulomb 

attraction, which is created from the missing repulsive force of the absent ion cores at the 

defect site. So, the lattice defects can be exposed by measuring Doppler-broadening 

spectroscopy of the annihilation radiation, because the electron momentum distribution in 

such defects changes from that in the defect-free bulk material. The Doppler spectrum is 

described by two adopted line shape parameters, S and W parameters. These parameters 

reflect the changes in the low-momentum component and high-momentum component, 

respectively, at the annihilation site of the electron momentum distribution. The open-

volume defects can be realized as an increase or decrease of S(W) parameter comparison 

with the values of the bulk. The Doppler-broadening spectroscopy (DBS) is found to 

define the sublattice to which the vacancy-type belongs in compound semiconductors. 

Furthermore it has information about the chemical surrounding of the annihilation site, and 

therefore allows the determination of vacancies and vacancy-impurity complexes. Depth-

dependent DBS is sensitive to the vacancy-type defects and to the elemental composition 

of the thin films too. According of this situation, the DBS with a monoenergetic positron 

beam is an unparalleled experimental technique for determining the defects in thin layers. 

So far, PAS studies have been done on GaAs thin films and a few on annealed GaAs thin 

films [4, 5]. The previous studies gave evidence on positron localization at shallow traps in 

not annealed GaAs. Furthermore, it was observed, that doping GaAs with Si and other 
elements increases the concentration of a deep positron trap identified as vacancy complex [4, 5]. 
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The Aim and Objectives of the Research: 
In this work, PAS and DBS was applied to identify the defects in GaAs semiconductor 

films annealed under different temperature. It is expected that the increasing of deep 

defects or of shallow traps is depended not only on doping, but also on the annealing 

temperature. Thus, doping-related defects in GaAs are key issue to be extensively studied 

for further development of the material properties. The experimental positron data are 

matched with theoretical results of the annihilation characteristics based on the atomic 

superposition calculations to ensure a suitable interpretation. The origin and concentration 

of the predominant defects could be determined. 

Experimental Methods: 

In an ultra high vacuum (UHV) chamber were 4 GaAs films co-deposited by molecular 

beam deposition. The base pressure was between         mbar and         mbar. As 

substrate was used                       , and the thickness of these films was circa 3 

  . The deposition chamber consists of an electron beam evaporator for the evaporation 

of Ga and an effusion cell for As. An optical detector can controls the flux of Ga 

immediate. On the other hand the deposition rate of As was controlled by the temperature 

of the effusion cell. The Ga deposition rate was dominated to achieve the desired nominal 

composition GaAs. The film thickness was modified by the deposition time. To guarantee 

homogeneous films, the holder of sample was rotating during the deposition, for more 

details see e.g. Ref. [6]. 

Furthermore, the chamber was used for annealing of the GaAs-film samples under UHV 

conditions. The circular samples (radius 15 cm) were shortly stripped to air and were 

broken into pieces. Different samples were annealed then for 1 h in UHV up to 700   , 

while they were cooled down slowly after each annealing step (annealing temperatures 

were 500  , 600  , 650   and 700  ), therefore 4 samples were manufactured. To reach 

the final temperature it was used heating rate by 10 K/min. 

The positron annihilation experiments were completed with the slow positron beam system 

(POSSY) at the Martin-Luther-University in Halle-Wittenberg. 

The Doppler broadening spectra of the annihilation radiation as a function of the incident 

positron energy E was measured. E varied from ~  0.01 keV to 13 keV, which allows to 

obtain the defect depth profile. The samples were composed in an ultra-high vacuum 

(UHV) chamber. High-purity Ge detectors were used for recording the annihilation spectra 

of conventional and coincidence Doppler broadening spectroscopy. At each positron 

energy E, a spectrum of 5×10
5
 was collected in the 511 keV annihilation peak. As well 

known, the Doppler broadening spectrum is characterized by two parameters, S and W. S 

parameter is calculated as the ratio of the events in the central region of 511 annihilation 

peak to those under the whole curve and W parameter is the ratio of the events in a fixed 

energy interval (far from the center) to those under the whole curve. S and W parameters 

are responsive to the type and concentration of the defect. If positrons are trapped at 

vacancy defects, S(E) plot increases as a result of this trapping process, for more details 

see e.g. Ref. [1]. S and W parameters are sensitive to the annihilation with slow and faster 

electrons, respectively. These parameters allow to distinguish between the different 

annihilation sites. 

Positron lifetime measurements were completed at the positron beam facility NEPOMUC 

at the Munic Research Ractor FRM II [7]. This system transfers a sharp positron pulse with 

FWHM= 150 ps with high intensity. The lifetime experiments were executed using the 

positron beam with an energy of 16 keV, which matches a mean depth of circa 600 µm. 
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Figure (1) shows scheme of the positron lifetime experiment and the Doppler broadening 

spectroscopy experiment. 

 
FIG. (1): Scheme of the positron lifetime experiment (left) and the Doppler broadening spectroscopy 

experiment (right) [1]. 

 

Lifetime (LT9) program was used to analyzing the measured spectra [8]. The experimental 

results were characterized in terms of the average positron lifetime (τav), which is 

statistically a perfect parameter since it does not depend generally on the spectra 

decomposition. 

 

Results and Discussion: 
I. Doppler-Broadening results 

The defect information in GaAs thin films was gotten by measuring the S parameter as a 

function of the incident positron beam energy (E). Figure (2) offers the results of Doppler-

broadening measurements using slow positron beam of GaAs thin films annealed under 

different temperatures. The incident positron energy (E) respects the film distance that a 

positron cross according to the relationship  ̅   
  

 
 [1].  ̅ is the mean implantation depth 

which is a function of the implantation energy. A and n are empirical parameters.  (g cm
-

3
) is the mass density for GaAs. 

 
FIG. (2): S parameter as a function of the implanted positron beam energy (E) for various GaAs thin 

films annealed under different temperatures. 
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A high value of S parameter is observed at low incident positron energies for all samples, 

which is corresponding to the positron annihilation at the surfaces of GaAs films. A 

plateau of S parameter is observed in the energy range (6 to 14 keV), which corresponds to 

the annihilation of positrons in the bulk region of GaAs films. It is clearly shown that the 

sample annealed under temperature of 500   shows values of S parameter lower than that 

of the other samples. This indicates that this sample contain vacancy-type defects formed 

during the annealing of the films with extremely lower density relative to the other 

samples. It should be noted that S parameter in the energy region (~ 0.1 to 2 keV) is 

relatively higher than its value in the region above 2 keV, indicating the presence of 

surface defects (shallow traps) in these samples. That also agrees well with the study [4], 

which revealed that shallow traps exist at the surface of GaAs film. This attributed to the 

fact that the film stoichiometry at the surface region is different relative to that in the bulk 

region. At high energies (above 20 keV), the S parameter for all investigated films moves 

towards a value close to that for the substrate region of each film, therefore it was not 

investigated. On the basis of the theoretical study [1], the origin of increased S parameter is 

attributed to the increased amount of defects (not only shallow traps but also vacancies). 

Furthermore, it is clear that the bulk properties of the GaAs film influence the performance 

of the GaAs semiconductor. Thus, it is important to investigate the defect properties in the 

bulk region of GaAs. Average S parameter for each sample was calculated in the incident 

positron energy range between (6 to 14 keV). This mean S parameter is plotted as a 

function of the sample annealing temperature as shown in figure (3). 

 
FIG. (3): Mean S parameter at the bulk region as a function of the sample annealing temperature. 

 

The lowest average S parameter belongs to the at 500 K annealed sample. This means, this 

sample get the lowest density of defects. With increasing the annealing temperature 

increases the mean S parameter, and thus the deep defect density. Nevertheless, it is 

difficult to determine the nature of the defect-types observed in the GaAs films by Doppler 

broadening spectra. Therefore, positron lifetime is performed to identify the properties of 

the defects observed in the films. 
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II. Positron lifetime results 

The calculation of the electronic structure for the bulk crystal lattice or for a given defect is 

done within the two-component density functional theory in the generalized gradient 

approximation (GGA) for the electron exchange and correlation effects. The positron wave 

function is calculated by fixing the one-particle Schrödinger equation for which the 

potential is formed using the density of valance and core electron of free atoms in 

unrelaxed lattice. This potential is formed of the Coulombic and the correlation part. The 

calculation of momentum distribution is completed through the free atomic wave functions 

within the model of the independent particles for each state. The final momentum 

distribution is gotten by selection the summation of the contributions from each electron 

state weighted by the partial annihilation rates [9]. The positron lifetime is calculated as the 

inverse of the total annihilation rate calculated from the positron and electron densities. 

The lifetime is actually calculated for the different vacancies and vacancy complex defects 

for unrelaxed structure in the GaAs material using atomic superposition method [10, 11], 

the lifetime calculation results are tabulated in Table (1). 

 
TABLE (1): Theoretically calculated positron lifetime for different defects in GaAs. 

Defect Positron lifetime (ps) 

Bulk 231 

    266 

    267 

     289 

     292 

     306 

     308 

        332 

           341 

 

The positron lifetime measurement for GaAs thin films were done at room temperature by 

positron lifetime using a beam energy of 16 keV. The lifetime spectra were fitted, and thus 

three lifetime components were found (Table 2). Figure (4) shows the values of the three 

lifetimes   ,   ,    with their relative intensities. The decomposition of the lifetime spectra 

is also written in Table (2). 
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FIG. (4): The decomposition of the lifetime spectra for GaAs samples with different annealing 

temperature measured at a positron energy of 16 keV. 

 
TABLE (2): Decomposed lifetimes of the GaAs samples measured at a positron energy of 16 keV. 

Samples with 

annealing 

temperature ( ) 

Lifetimes and intensities of the components 

    
(ps) 

      
(ps/%) 

      
(ps/%) 

      
(ps/%) 

500 240 220/29.1 301/65.1 1053/0.81 

600 248 226/33.2 310/70.4 1165/0.71 

650 255 214/26.9 313/73.2 1020/3.04 

700 271 216/25.4 326/80.3 1112/1.07 

 

Because of complicated chemical composition of GaAs thin film and its preparation 

method, it is difficult to prepare a material without defects in order to define the bulk 

lifetime experimentally. However, the theoretical calculations determine a bulk lifetime of 

231 ps. The first lifetime component (  ) achieved for all samples is less than the 

calculated value of the bulk lifetime (reduced bulk lifetime), and thus it was not taken in 

consideration [1]. 

For the second lifetime component   , a lifetime value of 301 ps is obtained in the 500 K 

annealed sample. In comparison with our calculations, this value cannot be single vacancy 

such as    ,     or double vacancies such as 2   , 2   , where the lifetime of the single 

vacancy and double vacancies of the elements composing the GaAs material is in the range 

of 266-292 ps, as shown in Table (1). The theoretical calculated lifetime for the defect 

3    is 306 ps. However, the obtained lifetime value agrees well with these calculated 

values. Therefore, the detected defect in this sample is possible to be 3   . Its measured 

intensity    is ~ 65.1 %. The 600 K annealed sample shows a lifetime value of 310 ps. This 

value is corresponding to the calculated valued of 3   . Actually, the measured value is 

corresponding to the calculated value of 3    too. It is very difficult to determine, which 

vacancy is exactly the correct one. The 650 K annealed sample shows a lifetime of 313 ps, 

which is higher than but close to the calculated value of the 3   . Therefore, we believe 
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that the observed defect in the samples annealed under annealing temperature between 500 

K and 650 K is 3    or 3   . The intensity of the defect of 600 K and 650 K annealed 

samples is 70 % and 73 %, respectively, which is higher than that obtained in the 500 K 

annealed sample. This means, that with increasing of the annealing temperature increases 

the defect density. However, the Doppler broadening measurements support this 

assumption, as shown in figure (2). The 700 K annealed sample shows a lifetime of 326 ps, 

which is close to the calculated value of the         vacancy complex. This means, that 

the annealing affects not only on the defect density but also on the type of defects. 

Furthermore, the         complex should be negatively charged or neutral to be 

observed by positron, and therefore the trapping center observed by positron lifetime 

spectroscopy is a negatively charged vacancy complex          
 . However many 

studies suggest that vacancy complexes are formed in GaAs thin films to be the deep 

positron traps [12, 13]. 

The value of the third lifetime component    for all samples is larger than the longest 

lifetime which can be expected for positron annihilation in a solid. This lifetime value 

means the presence of large cluster of vacancies. The Existence of these lifetimes can be 

explained by the near-surface defective regions. This is in good agreement with the 

Doppler-broadening experiments (Fig. (1)), where the samples showed higher values of the 

S parameter at the surface region. Furthermore, this agrees well with the experimental 

study by K. Saarinen et al. [4], which revealed that shallow traps exist at the surface of 

GaAs film. 

The average lifetime     is found to be 240 ps for 500 K annealed sample and increases 

with increasing the annealing temperature. This is also an excellent agreement with the 

Doppler measurements (Fig. (1)), where the samples under higher temperature show higher 

values of S parameter, i.e. higher defect density. 

  

Conclusions and Recommendations: 
The defect properties in GaAs thin films deposited by evaporation process were studied. 

The influence of annealing temperature on the defect formation is investigated. The defects 

were tested by PAS using mono-energetic positron beam. Doppler broadening spectra of 

the annihilation radiation were measured as a function of incident positron energy in the 

films. Positron lifetime is measured at 16 keV. DBS measurements showed, that with 

increasing the annealing temperature increases the mean S parameter, and thus the deep 

defect density. Lifetime measurements confirmed this result. The decomposition of the 

lifetime spectra of the samples resulted in the detection of two vacancy-related defects: a 

vacancy 3    or 3    (annealing temperature is less than 650 K) and a negatively charged 

vacancy complex          
  (annealing temperature is more than 650 K). The value of 

the third lifetime component    for all samples interpreted the presence of large cluster of 

vacancies by the near-surface defective regions. 
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