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Gathodohminessence in the scanning electron microscope is used to ivestigate growth 

and prosess induced defects in CaSb crystals. In particular, l ~ ~ ~ ~ e s c e ~ c e  emission has 

been used to study the nature of acceptor defects ~ r e s e ~ t  after ~ ~ ~ ~ e ~ e n ~  a 

irradiation treatments. 

1. 

In recent years, Gallium Antimonide has ~ ~ ~ e r a t e d  increasing interest as a potencial substrate material 

for various lattice-matched devices in the bandgap range 0.3eV to 1.58eV (I). However, significant 

progress has to be made both in materials and processing aspects before it can be employed for device 

app~~ca~ions. It is well known that the quality of epitaxial layers and the yield of devices made from them 

depend on the structural perfection of the substrate. Hence, ~haracte~izat~on of defects is of great 

importance for reliable device perfobmanee. The interest of defect studies in GaSb refers notonly to the 

as-grown substrate material but to the effect o f  different processes as doping,ion ~ ~ p ~ a n ~ ~ ~ o n , e t c .  For 
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defect ch~ac te r~z~ t ion ,  the ca t~~do~um~nescence  (GL) technique has been found to be highly sensitive 

and is extensively used for the spatial defect mapping of various elemental and compound 

Se~~conductQrs. However, CL microscopy has been seldom applied to defects study in GaSb (2) ( 3 )  (4). 

is paper, we present the results of GL investigation of defects in bulk GaSb generated during growth, 

post growth annealing treatments, doping and ion beam irradiation. 

Undoped GaSb is always p-type in nature with the acceptor concentration of approximately 10”cm” at 

room temperature. The acceptor is intrinsic and is due to vacant ga!lium site (VGJ and gallium antisite 

(Ga,,). The acceptor concentration can be reduced either by non-stoichiometric melt growth or by 

employing low temperature growth techniques. In this work we have perfomed post growth annealing 

in vacuum, gallium md a n t ~ ~ ~ o ~ y  atmospheres to examine the evolution and nature of the native 

acceptors. Due to the presence of high concentration of native acceptors, impurity doping to obtain n- 

GaSb always leads to compensation (5) (6). As a result, the mobility of electrons reduces and controlled 

doping to very !OW levels poses problems. Dopant incorporation by diffusion has been given limited 

attention till now (1). In this paper we present results conceming the nature of luminescent centers in Te- 

diffused GaSb. Such a study of diffusion doping is of interest for basic p-n junction device structures. 

From the device fabrication point of view ,the ion milling technique is of utmost importance and has been 

widely used in other materials. More limited attention has been devoted to the problems of ion 

~ ~ p ~ a n ~ t i o n  and related studies in GaSb (7) (8) (9) (IQ). En the last part ofthis work we have carried out 

ion milling of p-GaSb by Arc ions and studied its effect on the electronic properties by CL. Electron 

beam induced current (EBIC) ~ ~ ~ ~ a s ~ e ~ e ~ t s  in the scanning electron microscope have been also made 

to c o ~ ~ l e m e n t  the CL m e a 5 u ~ ~ ~ n ~ n t s  after ion milling. 

2. 

The samples used in this study were vertical ridgman grown GaSb single crystals (1 1). For the 

annealing treatments the wafers were prepared by conventional chemo-mechanisal polishing. Prior to 

annealing, the samples were et&ed in CH3 CQOH: IQNO,: W (20~9: I)  to remove any damaged layer left 

behind after polishing, dipped in HCI and rinsed in methanol. Thermal annealing of the samples was 

carried out by placing the wafers in quartz ampoule under vacuum. For the gallium annealing, 6N pure 

gallium was spread on the wafer surface at room temperature. After annealing, the gallium sticking to 

the surface was removed by rinsing in HCI. For annealing in antimony atmosphere, 6N pure antimony 

balls were kept along with the wafer. Other wafers were annealed under vacuum of torr. The 

annealing temperature and time was kept constant at 5 W C  and 12 hours respectively for all the cases. 

The Te-diffusion experiments were carried out in evacuated and sealed quartz ampoules at 500°C for 2,15 



and 24 hours. Prior to diffusion, the quartz ampoules were prebacked at 800°C under 1 O 6  torr to remove 

any volatile contam~nants. The volume of sealed ampoules was about 6 cm3. The diffusion source mass 

amount was approximately 100 mg. During the diffusion experiments, the wafers of GaSb were placed 

along with Te. Pieces of Sb were also kept to create an overpressure of Sb during the diffusion cycle. 

Diffusion was s ~ m ~ ~ t a n e Q ~ ~ s ~ y  carried out on several samples under identical conditions. At the end of 

diffusion, the ampoule was withdrawn from the furnace and cooled rapidly in liquid nitrogen to condense 

the Te vapour on the ampoule wall and thus prevent any metallic condensation on the sample surface. The 

wafers were rinsed in organic solvents and HCI before any measurements. No visible degradation of the 

sample surfaces occurred even after 24 hours of heat treatment. The depth profiles of the net donor 

concentration of varius samples were evaluated from the Capacitance-Voltage (C-V) measurements at 

room temperature, 

The ion beam milling treatment was perfomed in an ion beam milling unit with 4kV Ar' ions for 30 min 

at room temperature. The :"$,rotating during the ion milling process,were bombarded at an angle 

of 45" to the surface. The ian beam current density was 70 pA/cmZ. 

CL m e a s ~ e m e ~ t s  were carried out using a Hitachi S-25QQ scannig electron microscope in the emissive 

and GL modes at 77K. A liqirid nitrogen cooled Nor~h Coast EO-8 17 germanium detector was used for 

the signal detection. The details of the experimental set-up for spectral and panchromatic CL 

~easuremen~s are presented elsewhere (1 2). The EBIC measurements in the electron microscope were 

carried out at liquid nitrogen temperature with electron b e m  current and voltage of A an 25 kV 

respectively. Electrical contacts for the EBIC measurements were provided by silver paste with gold 

wires to the treated (ion milled) region and back side of the sample. 

3.  RESULTS and D i ~ c ~ s i ~ q  

3.1 Annealed Samples 

Fig. 1 shows the CL spectrum at 77K of an as-grown sample. The main emission bands appear at 796 meV 

and 775 meV. Weak transitions at 756 and 830 meY can also be seen. The 796 meV corresponds to the 

band-band transition and the 775 meV (commonly known as band A) to a transition from the conduction 

band to the neutral state o f  the native acceptor level V,, GaSb (13)(14)(15). The peak at 756 meV 

(designated as band B) has been previously attributed to a transition from the conduction band to to a 

triple native acceptor VGa Gasb VGa , arising from excess of Ga-vacancies (14). However, the origin ofthis 

transition has not been clearly resolved up till now. The annealed samples exhibit only the 775 and 754 

meV transitions, but with difference in relative intensities depending on the annealing conditions 



(Fig.2a). In general, the relative in tens^^ ofthe 775 meV with respect to the 756 meV 
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Fig. 1. C1 spectrum of as-grown GaSb 

670 700 730 760 790 820 850 
Photon energy (mev) 

Fig. 2. Spectra of GaSb: a) after annealing in different atmospheres for 12 hours at 500 oC, b) 

in d ~ f f ~ r ~ n t  regions s f  a Ca-annealed sample. 

transition decreases after annealing. The vacuum and Sb- annealed samples show similar CL spectrum. 

Moreover, the relative intensity sf the 475 meV with respect to the 756 meV transition is less in the Sb- 

rich samples. In the Ga-annealed sample, the 756 meV transition enhances drastically andat certain 
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locations ofthe sample, it i s  even more intense than the 775 meV peak as 

Fig. 3 .  CL image of as-grown GaSb 

shown in Fig. 2b. Thus the Land B transition is probably associated with a defect involving excess 

galIium asld can be due to a gallium antisite or a related complex, Heme the decrease in relative 

intensity ofthe 775 meV peak compared to the 756 meV in the Sb and vacuum annealed samples can 

be explained by considering the reduction ofthe native acceptors on annealing, which shifts the Fermi 

level position towards the conduction band and hence the intensity of the 756 meV transition increases. 

The CL image of as-growl GaSb shows dark features related to the presence of sub-boundaries in the 

material (Fig.3). The CL imges of the Sb-annealed sample revealed dark precipitate like defects which 

contribute to the reduction of luminescence emission (Fig.4a). These defects are not seen in as-grown or 

vacuum annealed samples. The defect structure in the vacuum annealed sample is similar to that of the 

untreated ones. The Ga-anmaled sample exhibits a uniform CL image (see Fig.4b) without any contrast 

~nhomogeneities(su~-boun~~~ies etc.) as seen in the other samples. This observation suggests that post- 

growth annealing in Ga-balh can be t e ~ ~ n o l o ~ i c a ~ ~ ~  important for preparing GaSb wafers with uniform 

properties for opto-electronic applications. On the other hand, although annealing in Sb atmosphere 

reduces the native defect concentration, precipitate formation takes place modifj4ng the potential 

applications of the GaSb c r j  stals as substrates. 
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Fig. 4. CL images of GaSb ~nnealed in Sb (a) and in Ga (b). 

3.2. 

CL images of Te-difised samples are shown in Fig.5. The sample for which the diffusion was carried 

out for 2 hours appeared to be almost precipitate free (see Fig.Sa), but small dark dots of 1-2 um size are 

clearly revealed. This contrast could be due to the decoration of dislocations associated with the presence 

of tellurium as occurs in other III-V compounds. As described above in undoped GaSb, C1 images show 

dark contrast related to the presence of subboundaries in the material and the inner portion of the grains 

appears uniformly bright. With increase in diffusion time to 15 hours, precipitates start appearing 

throughout the sample. The size and concentration of the precipitates increase with further increase in 

diffusion time. For the sample with 24 hours of diffusion, large clusters and precipitates could be seen 

(Fig.%). Characterization of extended defects in heavily Te- doped CZ grown GaSb has been previously 

carried out by transmission electron microscopy (1 7) and planar defects have been identified as Ca, Te, 

precipitates. In our case, the precipitates can be either Te or Ga, Te,. In order to get a more accurate 

information CL spectra obtained from different 'Fe-diffused samples were analyzed. The sample with 

shortest diffusion time exhibits luminescence peaks at 744, 775 and 796 meV. The 744 meV peak is 
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intrinsic to Te and has been attributed to transition from conduction band to an 

Fig. 5 .  CL images of re-diffused sample after diffusion for 2 hours (a) and 24 hours (b). 

acceptor state V,, G%, Te,,. The spatial distribution of this complex seems to be connected to 

dislocations as is shown in EiigSa. With increase in Te concentration, the intensity of 744 meV peak 

increases (Figh), indicating the enhancement of 

Te- diffused (24 hours) (b)j 

670 700 730 760 794) 820 850 
Photon energy (meV) 

670 700 730 760 790 820 850 

Photon energy (meV) 

Fig. 6 .  CL spectra of re-diffused samples after diffusion for I5 hours (a) and 24 hours (b). 
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the formation of the related acceptor centre. In the CL spectrum of the sample with highest Te 

concentration it is observed that the dominant transition occurs at 754 meV while the 744 meV emission 

is almost disappeared. The fact that the intensity ofthe 756 meV peak increases after long difision times 

can be explained by an increase in volatilization of Sb. This in turns results in excess of Ga and is similar 

to the 3ituation of annealing under Ga- rich conditions. The probability of formation of Ga, Te, 

preeipitates and the increase in concentration and siae of precipitates with increasing difision time can 

also be explained by the presence of excess Ga. It appears from the above results that the dominant 

compensating acceptor varies with increase in diffusion time. 

CL images show that ion milling causes an enhancement of the panchromatic CL emission in the 

irradiated area and its surroundings as shown in Fig.7a. CL intensity is higher at the center of the treated 

region and decreases radially. Apart from the increased luminescence intensity in the irradiated regions, 

uniformly distributed precipitates could also be seen under higher magnification as depicted in Fig.7b. 

At exactly the location of a dark prec~p~tate like in the CL image the secondary electron image exhibits 

precipitates like topographic features. These extended defects were absent on the 

Fig. 7. CL images at the centre ofthe irradiated region at two magnifications. 

surface of the as-grown samples and are created during the ion milling treatment. Apart from the 

increased luminescence no differences in the relative band intensities or spectral features of the treated 

504 



and untreiaeed samples could be observed. Spectra show the bands at 775 and 756 meV associated with 

the native acceptors VGa and G%,,. The increase in CL intensity after ion milling can be explained either 

by a bombardment induced increase in acceptor concentration or by the reduction of non-radiative 

r e~o~b ina t ion  centers at grain boundaries or dislocations. In order to study these possibilities and in 

general to investigate the eEect of ion milling on the electronic properties of GaSb, the spatial resolved 

EBIC technique in the scanning elctron microscope was used. EBIC measurements with metal contact 

on p- GaSb eannot be carried out due to the low barrier height produced and therefore to the low 

eficiency of excess charge cidniers collection. However, if as in other semiconductors, ion milling causes 

lscai p to n- type conversion EBIC measurements would be possible. Fig.8 shows a typical EBIC image 

of the ion ~ ~ a ~ ~ ~ t ~ d  

Fig. 8. ERIC images of CaSb after irradiation at two magnifications. 

sample. The detection of ERIC contrast implies a type conversion caused by the ion milling treatment. 

The untreated samples did nct show any EBIC signal.The polarity of the EEIG signal corresponds to the 

formation of a n-type surface 1ayer.This result enables to rule out the possibility that the CL spectral 

changes after ion milling are due to the increase of acceptor concentration because such increase would 

not lead to an n-type surface region. The reduction of non-radiative recombination centers during ion 

milling seems to be a probable cause of the observed CL intensity increase. 



CL mode in the scanning electron microscope is a suitable technique that enables to study the 

morphology and nature of growth and process induced defects in GaSb with high spatial resolution.CL 

images reveal that defect d i s t r~~u~ ion  in as-grown crystals is inhomogenous and annealing in vacuum ,Sb 

and Ga atmospheres causes an increase in homogeneity. Ga-annealed samples exhibit featureless CL 

images suggesting an ~ i n ~ ~ o ~  nature of the luminescent defect distribution. In these samples it has been 

found that a luminescence band at 756 meV,with an unclear origin till now, is related to excess Ga in the 

sample. Te diffusion provides new information about defects in GaSb. During Te-difussion the type of 

defects formed in the samples is a function of diffusion time. CL images show that this is a consequence 

of precipitation processes. Ion beam milling causes also an increase of the luminescence in GaSb as well 

as the type conversion fiom p to n of the subsurface layer as revealed by EBBC measurements. 
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