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Passivation of point and extended defects in GaSb has been observed as a result of hydrogenated
amorphous silicon~a-Si:H! treatment by the glow discharge technique. Cathodoluminescence~CL!
images recorded at various depths in the samples clearly show passivation of defects on the surface
as well as in the bulk region. The passivation of various recombination centers in the bulk is
attributed to the formation of hydrogen-impurity complexes by diffusion of hydrogen ions from the
plasma.a-Si:H acts as a protective cap layer and prevents surface degradation which is usually
encountered by bare exposure to hydrogen plasma. An enhancement in luminescence intensity up to
20 times is seen due to the passivation of nonradiative recombination centers. The passivation
efficiency is found to improve with an increase ina-Si:H deposition temperature. The relative
passivation efficiency of donors and acceptors by hydrogen in undoped and Te-compensated
p-GaSb has been evaluated by CL and by the temperature dependence of photoluminescence
intensities. Most notably, effective passivation of minority dopants in tellurium compensated
p-GaSb is evidenced for the first time. ©1996 American Institute of Physics.
@S0021-8979~96!03105-4#
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I. INTRODUCTION

In recent times, extensive research has been carried
on defect passivation in various elemental and compo
semiconductors. This is interesting both for understand
the physics of the material as well as from the point of vie
of technological applications. Several techniques have b
used for passivating the bulk as well as surface defects. U
ally, chemical treatment with sulfur-containing compoun
like ~NH4!2Sx , Na2S, H2S results in surface reconstructio
due to which the surface recombination rate decreases.1–3On
the other hand, defects in the bulk are passivated by indi
sion of light elements like lithium, hydrogen, etc.4 These
elements reduce the concentration of various defect cen
by forming complexes with them. Passivation by hydrog
plasma has been widely used in the recent past.4 Even though
passivation of bulk defects by hydrogen is now well esta
lished, avoiding surface degradation during plasma expos
is not trivial.4 The surface defect layer thus created advers
affects the electrical and optical properties of the materia
lot of effort has been made to avoid the formation of t
defect layer in various materials~see Ref. 4 and reference
therein!. Recently, we have been investigating the applicab
ity of various surface passivation methods to GaSb,5,6 a
III–V compound semiconductor that is gaining importanc7

A previous investigation on hydrogenation of GaSb by a

a!Author to whom all correspondence should be addressed; Electronic m
hlbhat@physics.iisc.ernet.in
3246 J. Appl. Phys. 79 (6), 15 March 1996 0021-8979/9
 article is copyrighted as indicated in the article. Reuse of AIP content is su

148.228.150.246 On: Tu
out
und
ing
w
een
su-
ds
n

ffu-

ters
en

b-
ure
ely
l. A
he
s
il-

e.
rf

plasma technique has already demonstrated the existence
surface defect layer.8 By slow chemical etching, it has bee
found possible to remove this defect layer.9 But this ap-
proach is limited only to basic research and is impractica
device fabrication processes. Hence, it would be highly
sirable to develop some dry processing techniques for ei
removing or passivating the surface defects. Deposition
the surface layer of a different material can be beneficia
this respect, which along with its passivating effect can a
act as a stable, protective layer. One such candidate ca
a-Si:H, which has been extensively used for thin film tra
sistors and high efficiency solar cell applications.10 To the
best of our knowledge, such a study has not been attem
until now on GaSb. This article discusses the photolumin
cence ~PL! and cathodoluminescence~CL! properties of
a-Si:H treated undoped and tellurium-compensatedp-GaSb.
The results obtained herein clearly demonstrate the effect
ness of this treatment in achieving bulk passivation due
the plasma hydrogen in addition to a defect-free surface
minated bya-Si:H.

II. EXPERIMENTAL DETAILS

The single-crystal substrates of undoped and
compensatedp-GaSb used for our studies were grown by t
vertical Bridgman technique.11 Various degrees of Te com
pensation were obtained by a repeated dilution process.
tially, Te-dopedn-GaSb crystals were grown with the carri

ail:
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concentration;1017 cm23. Then, a small weighed quantit
of a Te-dopedn-GaSb ingot was added to a fresh charge
undoped GaSb for the next growth run. This dilution proc
dure was repeated for successive growth experiments u
the required level of net acceptor concentration was
tained. Layers ofa-Si:H with thicknesses in the range o
100–200 Å were deposited on the substrates using a r
frequency plasma glow discharge system12with a rf power of
6 W/cm2. Substrate temperatures in the range of 150–300
were employed. A mixture of 1% SiH4 in 99% H2 with a
flow rate of 1 cc/min was found to be optimal for obtainin
high quality amorphous films.

The CL measurements were carried out using a Hita
S-2500 scanning electron microscope in the emissive and
modes at 80 K.13 The advantage of CL, in addition to th
high spatial resolution, is its ability to obtain more detaile
depth-resolved information by varying the electron bea
energy.14 The accelerating voltage was in the range of 10–
keV. The beam current was kept constant at 100 nA. Th
beam parameters were found sufficient to give enough lu
nescence intensity to carry out the measurements with
causing excessive heating and self-absorption.15 The pan-
chromatic CL images were recorded using a system con
ing of an optical focusing lens and a liquid-nitrogen-cool
North Coast EO-817 germanium detector attached to the
croscope. To record the CL spectra, an optical fiber gu
feeding the light to an Oriel 78215 computer-controlle
monochromator was used. From previous studies, it has b
found that by defocusing the electron beam, it is possible
observe centers with low concentrations.16 For this reason,
CL spectra were recorded both under focusing and defoc
ing conditions of the electron beam.

The PL measurements were carried out using MIDA
Fourier transform photoluminescence spectrometer. An ar
ion laser operating at 5145 Å was used as the excita
source with excitation levels in the range of 0.166–3
W/cm2. A liquid-nitrogen-cooled germanium photodetect
was employed for signal detection. A resolution of 0.5 me
was used in our measurements. For low temperature m
surements, the samples were freely suspended in liquid H
4.2 K. To study the temperature dependence of PL, the s
tra were recorded during the natural heating cycle after
evaporation of liquid He. The temperature variation duri
the data acquisition for any spectrum was less than 0.5
The carrier concentrations of various samples used in
studies were evaluated by the room temperature Hall m
surements.

III. RESULTS AND DISCUSSION

A. Panchromatic cathodoluminescence images

Figure 1 shows a typical CL image recorded on a p
ished GaSb wafer prepared from the as-grown sample.
fects typical of melt grown crystals have been identified a
marked. These include cellular dislocation network~D!, pre-
cipitates or impurity clusters~P!, and twin boundaries~par-
allel lines marked T!. The distribution of defects in the
samples remains the same irrespective of the depth. A
a-Si:H treatment, there was a complete disappearance o
J. Appl. Phys., Vol. 79, No. 6, 15 March 1996
s article is copyrighted as indicated in the article. Reuse of AIP content is su
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dislocation network. Here, it is worth mentioning that the
disappearance of these nonradiative centers is a result of p
sivation by hydrogen rather than their elimination. To rule
out the possibility of reduction in dislocation due to therma
effects during the glow discharge treatment, some of the u
treated samples~as grown! were annealed at 300 °C for 1 h.
The CL images recorded before and after the treatment we
exactly identical, verifying that the passivation of disloca-
tions in the treated samples is caused by hydrogen and n
due to mere thermal annealing. Passivation of extended d
fects like grain boundaries and dislocations in GaSb by hy
drogen has been observed in our previous electrical studi
also.9 From the contrast of the CL images it was inferred tha
the samples are better passivated at higher temperatures. F
thermore, some of the samples passivated at 300 °C we
annealed in N2 atmosphere at the same temperature for 1 h
No changes were observed in the images recorded after th
mal treatment. This shows high thermal stability of the pas
sivated extended defects. This is in agreement with earli
measurements carried out on hydrogenated polycrystallin
GaSb.9

To evaluate the depth of which hydrogen passivation ha
occurred, CL images were recorded with increasing accele
ating voltages up to 20 keV. The general expression derive
by Kanaya and Okayama17 for the range of electron penetra-
tion Re as a function of electron beam energyEb is

Re5~0.0276 A/rZ0.889!Eb
1.67~mm!,

whereEb is in keV,A is the atomic weight in g/mol,r is in
g/cm3, andZ is the atomic number. TheRe in our case with
Eb varying from 10 to 20 keV lies in the range of 0.87–2.78
mm. Typical CL images recorded with accelerating voltage
of 10 and 20 keV for the Te-compensated GaSb witha-Si:H
deposited at 150 °C are shown in Figs. 2~a! and 2~b!, respec-
tively. Complete passivation of the dislocations and twin
boundaries can be seen in Fig. 2~a! even at higher magnifi-
cation. At lowEb , the penetration depth of the electrons is
less and hence the surface-related recombination can be
sualized better. With an increase inEb to 20 keV ~corre-

FIG. 1. Typical CL image of a polished GaSb wafer from an as-grown
crystal recorded withEb510 keV. The labels marked as T, D, and P repre-
sent twins, dislocation networks, and precipitates, respectively.
3247Dutta et al.
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sponding to a depth of 2.8mm!, defects in the bulk are re-
vealed@image 2~b!#. The dislocation network as observed i
the CL image of the passivated sample at higher accelera
voltage@image 2~b!# is similar to that observed in an unpas
sivated sample~Fig. 1!. The depth to which passivation oc
curs has been found to depend on thea-Si:H deposition tem-
perature. The CL images of the sample passivated at 300
are shown in Figs. 2~c! and 2~d! for the same region with an
Eb of 10 and 20 keV, respectively. A comparison of the C
images recorded at the same depth@Figs. 2~b! and 2~d!# for
the samples passivated at 150 and 300 °C show that
depth of passivation increases with increase in deposit
temperature. Even at 2.8mm, the effect of passivation can be
seen in the sample treated at 300 °C.

B. Cathodoluminescence spectra

The CL spectra recorded at 10 keV for the undop
samples before and aftera-Si:H treatment at 150 °C are
shown in Fig. 3. The broad spectrum for the unpassiva
sample@spectrum~i!# has been deconvoluted into four mai
peaks at 704, 775, 805, and 830 meV. The above-band-
peak at 830 meV is an~e,h! transition including tail states
and shallow acceptors18 arising due to high excitation inten-
sities in CL. The 805 meV is the band-gap-related peak. T
775 and 704 meV peaks are due to the transitions from
conduction band to neutral state and singly ionized state
the native acceptor level, respectively. The passivated sam
@spectrum~ii !# shows an overall enhancement in the CL in
tensity along with an increase in the relative intensity of th
704 meV peak compared to the 775 meV transition. T

FIG. 2. Panchromatic CL images of Te-compensatedp-GaSb with ~a!
a-Si:H deposited at 150 °C~Eb : 10 keV!; ~b! a-Si:H deposited at 150 °C
~Eb : 20 keV!; ~c! a-Si:H deposited at 300 °C~Eb : 10 keV!; ~d! a-Si:H
deposited at 300 °C~Eb : 20 keV!.
3248 J. Appl. Phys., Vol. 79, No. 6, 15 March 1996
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higher CL intensity of the passivated sample is attributed t
the reduction in nonradiative recombination channels. Th
reason for the relative increase in the 704 meV transition wi
be discussed later.

The CL spectra of the Te-compensated samples befo
and aftera-Si:H treatment at 150 °C are shown in Fig. 4.
Apart from the four peaks seen in the undoped samples,
new peak at 730 meV appears@spectrum~i!#. The 730 meV
transition is intrinsic to tellurium and is attributed to a tran-
sition from the conduction band to the deep VGaGaSbTeSb
center.19 After a-Si:H treatment, the CL intensity increases
by at least five times due to passivation of the nonradiativ
recombination centers. Apart from the increase in the lum
nescence efficiency, the peaks at 704 and 730 meV are abs
in the passivated sample in the near-surface region@spectrum
~ii !#. Also, the broad peak encompassing the 775, 805, an
830 meV transitions is better resolved. With an increase i
Eb to 20 keV, luminescence from the bulk region is observe
and the CL spectrum show a reappearance of the 704 a
730 meV peaks@spectrum~iii !#. Also a slight decrease in the

FIG. 3. CL spectra of undopedp-GaSb:~i! without ana-Si:H layer;~ii ! with
an a-Si:H layer deposited at 150 °C~Eb510 keV!. The dashed curves are
the deconvoluted peaks of spectrum~i!.

FIG. 4. CL spectra of Te-compensatedp-GaSb:~i! beforea-Si:H deposi-
tion; ~ii ! aftera-Si:H deposited at 150 °C andEb510 keV!; ~iii ! aftera-Si:H
deposited at 150 °C andEb520 keV!. The dashed curves are the deconvo-
luted peaks of spectrum~i!.
Dutta et al.
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 [Th
dominant peak intensity is observed. This is expected as
corresponding CL image@Fig. 2~b!# shows unpassivated de
fects in the bulk. However, the intensities of the 704 and 7
meV peaks do not attain their original level, indicating th
these centers are only partially passivated. For the sam
passivated at higher temperatures, say 200–300 °C, e
with anEb of 20 keV, the peaks at 704 and 730 meV do n
appear indicating effective passivation to greater depths.

The CL spectra recorded for the unpassivated
compensated GaSb~i! and the corresponding samples pas
vated at 250 °C~ii ! and 300 °C~iii ! employing a defocused
electron beam are shown in Fig. 5. For the sake of comp
son, the CL spectra for the unpassivated sample reco
with focused as well as defocused beams are shown in
insert of Fig. 5. As can be seen from the insert, the unpa
vated sample shows an increase in the intensities of the d
levels at 704 and 730 meV on defocusing. Referring to sp
tra ~i!, ~ii !, and ~iii ! of Fig. 5, thea-Si:H treated samples
show complete passivation of the deep centers. It should
noted that the defocused spectra for the passivated sam
shown here are essentially similar to those observed un
focused conditions. A focused electron beam results in s
ration of the emission. At high levels of excitation, the lum
nescent centers become filled by capturing minority carrie
As the centers are filled, the excess minority carriers in
conduction band recombine through nonradiative center
the bulk. In the absence of the bulk nonradiative recombi
tion centers, the diffusion length increases and carriers
fuse to the surface and recombine. However, by defocus
the electron beam, the saturation of the recombination c
ters can be avoided and thus recombination centers with
concentrations in the material can be seen.16 The very fact
that there are no observable centers with low concentra
in the a-Si:H treated samples confirms the passivation
bulk defects by hydrogen.

FIG. 5. CL spectra of Te-compensatedp-GaSb recorded with a defocuse
electron beam:~i! without ana-Si:H layer,~ii ! with ana-Si:H layer depos-
ited at 250 °C;~iii ! with an a-Si:H layer deposited at 300 °C. The dashe
curves are the deconvoluted peaks of spectrum~i!. The insert in this figure
shows the CL spectra of the unpassivated sample with focused and d
cused electron beams.
J. Appl. Phys., Vol. 79, No. 6, 15 March 1996
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C. Photoluminescence spectra

The PL spectra recorded at 4.2 K for the undope
samples before and aftera-Si:H deposition at 200 °C are
shown in Fig. 6~a!. An increase in PL intensity of the domi-
nant transition by;12 times is seen after passivation. More
over, several near-band-edge excitonic peaks in the range
792–808 meV and a peak at 717 meV corresponding to
exciton bound to the ionized native acceptor appear. Vario
peaks appearing in the PL spectrum of bulk GaSb have be
assigned earlier18,20and are given in Table I. For the sake o
completeness, the peaks observed in CL spectra discusse
the previous section are also listed. The enhancement in
intensity and the appearance of additional peaks is a cum
lative effect of defect passivation in the bulk as well as o
the surface as discussed below. It is known from earlier stu
ies that plasma hydrogen passivates shallow and deep cen
in the bulk.9 However, at the same time, the sample surfac
degrades.8 The defective surface layer had to be removed b
chemical etching before carrying out any optical and elect
cal characterization. Thus, even though an overall improv
ment in the luminescence intensity as a result of bulk defe
passivation was seen, the well-resolved excitonic featur
were absent.9 This simply reflects the presence of surfac
recombination centers in these samples left behind after et
ing. On the other hand, passivation of the surface dangli
bonds by either~NH4!2Sx ~Ref. 5! or RuCl3 ~Ref. 6! results in
well-resolved near-band-edge excitonic peaks. This is due
the reduction in the recombination centers of the excitons
the surface. The improvement in overall PL intensity and th
presence of well-resolved excitonic peaks ina-Si:H treated
samples@Fig. 6~a!# clearly demonstrates the efficient pass
vation of both surface and bulk defects.

d

efo-

FIG. 6. PL spectra of undopedp-GaSb recorded at~a! 4.2 K and~b! 80 K:
~i! without ana-Si:H layer; ~ii ! with ana-Si:H layer.
3249Dutta et al.
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In Fig. 6~a!, the dominant peak is the donor–accept
~D–A! pair transition at 777 meV~see Table I!. In the un-
passivated sample, this peak was found to shift towa
higher energy by 2–3 meV per decade increase in la
power density. However in the passivated sample, the
served peak shift is around 8–9 meV per decade increas
excitation intensity. This large D–A pair peak shift is due
an increase in compensation21 resulting from more efficient
passivation of acceptors compared to donors. At 80 K,
the unpassivated sample, the intensity of 704 meV~710 meV
at 4.2 K! peak is slightly lower than that of 775 meV~777
meV at 4.2 K!. However, in passivated samples, the intens
of the 704 meV peak is higher than that of 775 meV. Als
note that there is an overall increase in the intensity by;10
times as a result of passivation. The relative increase of
704 meV peak after passivation was also seen in CL m
surements~Fig. 3!.

Figures 7~a! and 7~b! show the PL spectra recorded a
4.2 and 80 K, respectively, for the Te-compensated samp
before and after passivation at 200 °C. At 4.2 K, the pas
vated sample shows at least a 10 times improvement in
minescence intensity of the 781 meV dominant transiti
with better resolution than the unpassivated ones. The 7
meV peak corresponds to the transition from the conduct

TABLE I. PL and CL transitions observed in bulk GaSb.

Energy~meV!

PL data
~4.2 K!

CL data
~80 K! Transition

830a

~77 K!
830b ~e,h! recombination

812a 805b Band gap
810a,c Free exciton
808b Excitonic transition
807b Excitonic transition
805b Exciton bound to

~VGaGaSb!
0

803b Exciton bound to
~VGaGaSb!

0

801d D1–Si acceptor
800b Exciton bound to

~VGaGaSb!
0

797c,e Excitonic transition
796b Exciton bound to

~VGaGaSb!
0

795b Excitonic transition
792b,d Exciton bound to

~VGaGaSb!
0

781b,d 775b C–~VGaGaSb!
0

777d D1–~VGaGaSb!
0

775d C–Zn acceptor
746d LO phonon replica

of 777 meV
740d 730b C–~VGaGaSbTeSb!

0

717d Exciton bound to
~VGaGaSb!

2

710d 704b C–~VGaGaSb!
2

aReference 18.
bThis work.
cReference 5.
dReference 20.
eReference 6.
3250 J. Appl. Phys., Vol. 79, No. 6, 15 March 1996
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band to the neutral state of the native acceptor level~Table I!.
As can be seen in Fig. 7~b!, the intensity of the 704 meV
peak is higher than 775 meV~781 meV at 4.2 K! in the
unpassivated sample. However, in the passivated sample,
704 meV transition is very weak. The CL spectra shown in
Fig. 4 also exhibited a similar nature. It should be noted tha
the trend observed here in the case of Te-compensat
samples@Fig. 7~b!# is in contrast to what was observed for
undoped samples@Fig. 6~b!# and requires further explana-
tion.

The relative intensities of CL and PL transitions in vari-
ous samples can be understood by the respective Fermi le
position. For an uncompensatedp-GaSb at 4.2 K, the Fermi
level is above the valence band edge and lies near the neut
state of the native acceptor level. With an increase in tem
perature, the Fermi level moves upward and crosses the sh
low acceptor level. Thus the intensity of the 777 meV tran
sition quenches and the intensity of the deeper level~710
meV! increases proportionately. The Fermi level can also b
raised by counter doping withn-type dopants like Te, thus
facilitating the transition from deeper levels. The temperatur
at which the PL intensity of the shallow level quenches
would provide vital information regarding the Fermi level
position and therefore to the degree of compensation.

The temperature-dependent PL intensities of 777 me
~at 4.2 K! and 710 meV~at 4.2 K! transitions in undoped
p-GaSb before and after passivation are shown in Figs. 8~a!
and 8~b!, respectively. The fact that the intensity of the 777
meV transition quenches at a lower temperature in case
the passivated sample indicates that the Fermi level positio
in these samples is higher than that for the unpassivate
sample. This can occur due to more effective passivation

FIG. 7. PL spectra of Te-compensatedp-GaSb recorded at~a! 4.2 K and~b!
80 K: ~i! without ana-Si:H layer; ~ii ! with ana-Si:H layer.
Dutta et al.
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the native acceptors than the unintentional donors wh
would lead to increased compensation and hence the ris
Fermi level position. This upward shift in the Fermi leve
position would account for the increase in relative PL inte
sity of the 704 meV peak with respect to the 775 meV tra
sition seen in Fig. 6~b!. For the Te-compensated samples, a
opposite trend is observed as shown in Fig. 9 which
clearly due to more effective passivation of donors than t
acceptors. As a result of effective passivation of Te dono
the Fermi level shifts down due to which the levels at 70
and 730 meV are not seen in the CL spectra~Fig. 4!. This
downward shift in Fermi level position after passivation e
plains the decrease in relative PL intensity of the 704 m
peak with respect to the 775 meV shown in Fig. 7~b!.

It is worth mentioning here that the donors are minori
charges inp-GaSb and usually passivation of minority dop
ants is not common in III–V compounds. However, i
heavily compensated materials or under conditions of min
ity carrier injection, one can observe minority dopa
passivation.22–25 In previous studies on hydrogenated Te–Z
codopedn-GaSb, we have shown efficient passivation of th
minority dopant.9 In the present study, the possibility of mor
efficient passivation of the Te donors compared to the nat
acceptors can be due to two reasons. First, tellurium
present in large concentration~;1017 cm23! in the sample.
Second, the passivation efficiency is more for the hydroge
defects like the Te donor rather than the native defect wh
act as heliumlike centers.

Last, the passivation efficiency of the nonradiative ce
ters by hydrogen has been evaluated as a function ofa-Si:H
deposition temperature. The CL intensity increases mo
tonically with increase in deposition temperature. This fact

FIG. 8. Temperature dependence of PL intensities for~i! 777 meV and~ii !
710 meV transitions in undopedp-GaSb:~a! without ana-Si:H layer, ~b!
with ana-Si:H layer.
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also substantiated by the defect contrast in the CL image
shown in Fig. 2. The PL intensity also increases with tem
perature initially, but shows a decreasing trend at highe
temperature.26 The decrease in PL intensity for higher depo-
sition temperatures is due to the increased absorption in t
a-Si:H layer.27 When the correction for the absorption is ac-
counted for, the PL intensity exhibits a similar trend as th
CL intensity. This indicates that the passivation efficiency
increases with increase in deposition temperature. The pas
vation of surface and bulk defects would certainly influence
the electrical properties of the material. The details of th
current transport properties of GaSb diodes fabricated wit
an interfaciala-Si:H layer are presented elsewhere.28

IV. CONCLUSIONS

In conclusion, we have investigated the CL and PL prop
erties of a-Si:H coated undoped and Te-compensate
p-GaSb. Efficient passivation of the surface as well as bul
defects up to;3 mm is observed. An overall improvement in
luminescence intensity by;20 times and well-resolved ex-
citonic features are observed as a result of bulk deep lev
passivation by hydrogen and the reduction of surface recom
bination centers by thea-Si:H layer, respectively. The passi-
vation of shallow impurities in the bulk by hydrogen has
been found to depend on the sample type. In undope
p-GaSb, a more efficient passivation of acceptors occur
However, in Te-compensatedp-GaSb, passivation of Te, the
minority dopant is favored. The present study shows the pa
sible effects of unintentional hydrogen passivation in GaS
during encapsulation with amorphous Si. These dopant dea
tivation effects may be quite general and applicable for othe

FIG. 9. Temperature dependence of PL intensities for~i! 781 meV and~ii !
710 meV transitions in Te-compensatedp-GaSb: ~a! without an a-Si:H
layer, ~b! with ana-Si:H layer.
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 [Th
semiconductors too, and can be expected especially whe
hydrogen-containing plasma is employed for the surfa
deposition. From the technological point of view, thisa-Si:H
layer deposition can be used as a single-step process
which both passivation of bulk defects by hydrogen plasm
and a surface protective layer can be achieved. Furtherm
this process is compatible for large scale device fabricatio
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